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[bookmark: _Toc508178880]ABSTRACT

This paper reports on the exhaust gas recirculation (EGR) technique which is widely used in automotive spark injection engines and other engines, because it provides an effective mean of reducing nitrous oxide emissions (NOx) (Serrano, 2005). Recirculating exhaust gas through the EGR valve into the intake manifold lowers combustion temperature and reduces emission levels of oxides of nitrogen (Knowles, 1984). This experiment has been conducted with and without EGR to analyse the benefit of EGR by applying fixed throttle positions of 100%, 50%, 25% at measurements taken at point between 1000-5000 revolutions per minute (RPM) on the dynamometer. The practical investigation was conducted by the monitoring of exhaust gases, utilising the exhaust gas analyser in conjunction with running the VW Lupo 1 lt (2001) petrol engine  on the dynamometer.  However, it has been noted that, although EGR system assisted in reducing NOx emissions (Hori, 1997), in order to control global warming issues, it was beneficial to use external Exhaust Gas Recirculation (EGR) to improve SI engine (Hori, 1997).
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[bookmark: _Toc508178886]INTRODUCTION
The main objectives of this report was to investigate the exhaust gas recirculation (EGR), emission control system, and the effect of the emissions produced, with the focus on reducing the harmful emissions from the internal combustion engine. The first mention of the effect of on-road traffic on air quality was in the 1940s in California (Lenz, 1993). However, automotive emissions comprise of NOx, hydrocarbons (HC), and carbon monoxide (CO) (Pritchard, 2005).  Each of these emissions lends themselves strongly to a particular health problem of growing concern (Pritchard, 2005). The Current regulated emission limit of internal combustion engines is becoming even more stringent. The ongoing European emissions standard Euro 6 entered into force in September 2014 reducing the NOx limit of about 50% compared to the previous Euro 5 standard (Belgiorno, 2017). On the other hand, the CO2 limit in Europe for passenger cars will be cut from the present value of 130 g/km, for the average fleet, to 95 g/km by 2021 (Belgiorno, 2017). To control these environmental/health issues the automotive industries have introduced many types of technology in order to control emissions. The Exhaust Gas Recirculation (EGR) has been widely used as it helps in the control of Nitrogen Oxide (NOx) emissions from automobile exhausts (William, 2010). Even so, while controlling harmful emissions it is also increasing other emissions e.g. it reduces NOx but increases CO, HC and CO2. However, the automotive industries prefer this as NOx is more harmful to people’s health than the other gases. In order to understand the exhaust gas recirculation (EGR) principle SI engines, were used for examination. This test was conducted on a multipoint fuel injector system VW Lupo 1.0 engine (2001), Euro 3 [image: ]legislation. This has taken the form of conducting experiments with EGR and without EGR. The spark ignition engine of the VW Lupo 1.0 litre was examined by using an exhaust gas analyser and dynamometer. In addition, emission in the internal combustion engine was monitored by turning EGR on and off and by increasing the RPMs.
· The main aim of this report was to evaluate the impact of Exhaust Gas Recirculation (EGR) on a vehicle emissions control system. 

[bookmark: _Toc509870216]EXPERIMENTAL SETUP AND METHODOLOGY
The purpose of the practical exercise was to evaluate the effect of the EGR on VW Lupo 1.0 Litre by monitoring the exhaust emissions particularly of NOx. To evaluate the EGR it was necessary to block the EGR with a metal gasket as can be seen in the figure (1). The reason why it is blocked and not just disconnected, is because if the EGR was disconnected from the vehicle ECU, it illuminates the engine management light on the dashboard (Van, 2003). Figure 3 Lupo connected to the fume extractor

[image: ]


Figure 1 Metal gasket for VW Lupo EGR


The range of emission tests was performed on the VW Lupo by utilising the chassis dynamometer, exhaust gas analyser and installed OBD software on the laptop. This enabled us to monitor the throttle position as can be seen in the figure (2). Before commencing this exercise, it was necessary to check the fire exit and the health and safety hazards regulation. When the vehicle was placed on the chassis dynamometer, it 



Figure 2 VW Lupo connected with Laptop and dynamometer

was also necessary to check for any safety issues. These included ensuring that it is in a straight line, that the wheel is stable on the dynamometer, that it is connected by the safety rope to the ground and that it is connected to the fume extractor as shown in figure (3).
[image: IMG_1265]




[image: C:\Users\nick\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_1263.jpg]After completing all safety checks, it was necessary to communicate with the laboratory technician who was important during the live testing. This is because the laboratory technician was controlling the vehicle, RPM, throttle position and dynamometer with remote control.








Figure 4 Lupo placed on dynamometer


Communication between the author and the technician was mainly by use of body language, because it was hard to hear while the engine was running at high revs. Before the experiments, the technician was informed of the test procedures and provided with a testing list. This was to avoid miscommunication during testing which could have resulted in false measurements. The room temperature was recorded at 21oC using the temperature gauge in the university laboratory.

[bookmark: _Toc509870217]EXPERIMENTAL ENGINE 
A four cylinder 1 litre four-valve per cylinder gasoline port fuel injection engine was used to perform the experiments. General details of this engine are presented below in Table (1).

[image: ]Table 1 show the main characteristics of the Lupo engine
	Main characteristics of the tested petrol engine

	Cylinders
	Straight 4

	Bore 
	67.1 mm

	Stroke
	70.6 mm

	Bore/stroke ratio
	0.95

	Capacity
	1 litre / 999 cc

	maximum power output
	49.7 PS (49 bhp) (36.5 kW) at 5000 rpm

	Specific torque
	86.09 Nm/litre

	compression ratio
	10.7:1

	Air/Fuel ratio 
	14.7.1

	Fuel system
	MPFI

	Engine coolant
	Water

	Gear ratio
	3.46 (1st gear)

	Diff ratio
	3.88

	Maximum speed
	152 km/h (94 mph)

	CO2 Emissions
	139 g/km


[bookmark: _Toc509870218]

EQUIPMENT 

The equipment that has been used is listed as follows: -
· VW Lupo 1 lt
· Chassis dynamometer
· Gas analyser 
· Delphi OBD software
· [bookmark: _Toc509870221]Excel spreadsheet.
[bookmark: _Toc509870222]LIVE TESTING 
The live testing was conducted in the three experiments in order to obtain reasonably realistic results and allow comparisons to be made between them. The live testing procedures were fixed to the throttle position between the 1000 RPM and the 5000 RPM for 46 seconds. This was to enable monitoring the exhaust emissions with and without EGR. The recommendation for testing exhaust emissions is 40 seconds (Zervas, 2003). The fixed throttle position monitored on the author’s laptop. To fix the throttle position at 25%, 50% and 100%, it was necessary to apply some sort of load through the dynamometer. In addition, the applied dynamometer load/force was varied during the live 46 seconds testing both with and without EGR for each of the RPMs. Although the purpose was to monitor exhaust emissions, much work was involved in varying and monitoring the load due to variations within the dynamometer. The load/force was investigated to establish the reason for this variation with and without EGR. During the first test, the probe on the exhaust gas analyser was repeatedly ejected, as can be seen in the figure (5). 


Figure 5 Exhaust gas analyser was repeatedly ejected

The probe was not adjusting properly due to the high acceleration involved. An unconnected probe can affect the parameters of the results. This probe was the main asset in the project in which measurements of the exhaust emissions from the tailpipe were taken. The results cannot be accurate or realistic without utilising a proper probe which has been fitted efficiently.
[bookmark: _Toc509870224]RESULTS AND ANALYSIS/EVALUATION
[bookmark: _Toc509870225]Results were obtained from the range of tests on the VW Lupo 1Lt which utilised the dynamometer with and without EGR. These tests were to fulfill the investigation of the exhaust emissions, in particular, NOx, which is the main aim of this study. These results evaluated the effect of EGR at part load. CO and CO2 were measured as percentages of exhaust but the measurement was made in units of ppm for the HC and NOx occurring in the exhaust gases.
NOx AND O2 
In the graph (1) below, the blue line represents with EGR, which shows that the NOx level is less than the orange line which represents the without EGR. Without EGR NOx level is high after 2000 RPM because of the internal combustion chamber temperature increases as a result of NOx formation at a higher temperature which has been previously mentioned (Cadman, 1986).  To control this temperature, the EGR recirculates the exhaust gases back into the intake manifold, which reduces the combustion temperature (Cadman, 1986).  
Graph 3 The blue line represents hydrocarbon emissions level is increases with EGR
Graph 1 The orange line represents NOx is higher without EGR

Consequently, a reduced amount of oxygen is available for combustion in the intake mixture due to this air displacement (Hussain et al., 2012). The effective air/fuel ratio is decreased as a result of this reduced oxygen availability for combustion as shown in graph (2) below.Graph 4 The blue line represents carbon monoxide emissions level is increases with EGR
Graph 2 The blue line represents oxygen level is low with EGR

It can be seen that with EGR, when 2000 RPM was reached, oxygen level was 0.65 percent and that without EGR oxygen level was 3.00 percent. However, the overall oxygen level was found to be higher as can be seen in the further results shown below.

[bookmark: _Toc509870226]HC, CO AND CO2
Results shows that with EGR the amount of oxygen is reduced which causes lower temperatures. As a result of these lower combustion temperatures HC emission increases.  As shown in the graph (3) below, in the part load condition, incomplete combustion along with greatly increased CO and HC levels with EGR is indicated. 
CO is partially burned fuel. This happens when there is a rich air/fuel mixture. As represented by the blue line in the Graph (4) below.
CO was found to be increasing with EGR. The lack of oxygen available in the cylinder has stopped the oxidizing process, resulting in incomplete combustion as mentioned previously. Lower than normal CO (with the exception of a rich condition) are due to problems creating lower than normal combustion. CO is therefore a good indicator of a rich fuel mixture. CO will only increase when the fuel mixture is rich.
[bookmark: _Toc509870227]Proper combustion of HC and O2 results in Carbon dioxide. In the graph (5) below, the blue line represents the CO2 level which is higher with the EGR. This increase in CO2 emissions with EGR is due to the exhaust gases having been recirculated back into the intake manifold along with fresh air. This means that some CO2 is being constantly recirculated.
Graph 5 The blue line represents carbon dioxide emissions level is increases with EGR

LAMBDA 
[bookmark: _Toc509870228]Graph (6) below the orange line represent without EGR and the blue line represent with EGR. It was found that without EGR the lambda values are higher than with EGR. These results represent that the engine was running on lean mixture without EGR (too much oxygen as shown in oxygen graph (2) above).Graph 7 Wheel torque against the engine RPM, which represents the wheel torque, is higher without EGR
Graph 6 The orange line represents lambda value is higher with without


CALCULATIONS
Calculations were made with the fixed throttle was at 25%, with and without EGR. The reason for undertaking this calculation, as mentioned above, is because the force/load applied by the dynamometer, through the wheel, was varied both with and without EGR.
WHEEL TORQUE
Calculation of wheel torque was done at 25% of fixed throttle, with and without EGR. The formula below was used to find the wheel torque.
WT= Dynamometer Force × Wheel radius 
The orange line, which represents the wheel torque without EGR, was higher than the blue line. This graph (7) below also shows that wheel torque was affected without EGR. This is because you are not losing the power used through the recirculation of the exhaust gases. Anything that is recycled is using energy (Fontana, 2010).
ENGINE TORQUE
This graph (8) shows a similar trend line to the wheel torque. This calculation also shows that the without EGR engine torque is higher at 25 % throttle. The formula below was used to find the engine torque.

WORK DONE

This clearly shown in graph (9) that the power without EGR is higher than the power with EGR. The orange line represents the without EGR and blue line represents the with EGR. The formula below was used to find the work done. At 4000 RPM the power is decreased than increased with EGR. This could be because the engine was running lean with EGR or this could be due to exhaust gases recirculating at this point.
 Graph 9 Work done against the engine RPM, which represents the work done, is higher without EGR


FUELGraph 10 Fuel against the engine RPM, which represents the fuel flow, is higher without EGR


The amount of Air/fuel that has been used can also be calculated in kilogram per sec during the exhaust emissions testing on the dynamometer. If engine is 30% efficient the fuel power efficiency can be converted into kilowatts by use of the simple equation: - 

The equation used to find fuel power is: -



As 1kg of fuel, produces 44 x106 Joules of energy, then the fuel power converted into joules is equal to 16 x103 joules. Therefore, the engine uses 16x103 joules per sec of fuel. Graph 8 Engine torque against the engine RPM, which represents the engine torque, is higher without EGR



With EGR the engine required less fuel as represented by the blue line. However, without EGR it required more fuel during testing at 25% throttle (part load). Therefore, according to this graph (10) below EGR does affect fuel consumption (Heywood, 1988) p581. Increasing the fuel availability results in increased cylinder pressure and temperature and results in an increase in NOx emissions (Krishnan, 2017). At 4000 RPM the fuel flow is decreased than increased with EGR. This could be because the engine was running lean with EGR or this could be due to exhaust gases recirculating at this point


AIR

The amount of fuel has been calculated above, so the amount of air could be calculated by using this fuel value. To calculate the amount of air used in kilograms per sec, it was necessary to use the air/fuel ratio which is 14.7 (Silvis, 1997). Therefore, multiply the air/fuel ratio by fuel value

The air graph (11) below shows that with EGR the engine used less air than without EGR. The orange line represents the air used without EGR. The EGR recirculates the exhaust gases back into the intake manifold, which reduces the combustion temperature (Cadman, 1986).  The effective air/fuel ratio is decreased as a result of this reduced oxygen availability for combustion. At 4000 RPM the air flow is decreased than increased with EGR. This could be because the engine was running lean with EGR or this could be due to exhaust gases recirculating at this point.Graph 11 Air against the engine RPM which represents the air flow is higher without EGR

[bookmark: _Toc510096609][bookmark: _Toc510096611]EXHAUST MASS 

Fuel and air values above were added in order to find the exhaust mass from the exhaust tailpipe. The following formula was used: -
 
The graph (12) below shows that the exhaust mass was also affected by the EGR. The exhaust mass is higher without EGR; this is represented by the orange line. After 3000 RPM the exhaust mass has been decreased possibly with EGR because the engine is running lean mixture or this could be due to exhaust gases recirculating at this point.
Graph 12 Exhaust mass against the engine RPM which represents the exhaust mass is higher without EGR

DISCUSSION

In this study it was found that EGR is an effective means of controlling NOx generated in the combustion process without significant adverse effect on fuel economy at 25% throttle or part load. With or without EGR, the fuel economy and NOx, HC and CO emissions vary and depend on air/fuel ratios, retarded spark timings. In this study it was found the use of EGR was effective in controlling NOx emission with less penalty on fuel economy as shown in the graph (10) above (Dürnholz, 1992). Sasaki a et al. conducted experiments in 1998 using EGR on direct injection gasoline engines. He reported that an appropriate volume of EGR improves both fuel economy and NOx emissions. This circumstance, one presumes, is due to EGR increasing the intake temperature. This improved the flame propagation in the relatively lean region of the air/fuel mixture. This region of the air/fuel mixture is distributed non-uniformly. However, Heywood (1988) mentioned on page 830 that “there are three reasons why this dilution is an improvement on the fuel conversion efficiency. (1) As a result of the change in the thermodynamic properties of the burned gases, there is increased expansion stroke work for any expansion ratio. (2) for any mean effective pressure, pumping work decreases as result of the intake pressure increasing due to increasing dilution. (3) Because the burned gas temperatures are lower, there is a reduction in heat lost to the walls. Because there are no strict engine NO emission requirements, the obvious diluent is excess air. (At part throttle engines have traditionally operated lean)” (Heywood, 1988).
 “Agrawal et al. (2004) has suggested that NOx formation in engines is very dependent on the temperature. It is therefore necessary to keep close control of the combustion temperature in order to reduce NOx emissions in the exhaust”. “Agarwal. (2006) suggested that to control the NOx emissions, the primary requirement is a reduction in the temperature in the cylinder”. In the NEDC, the EU COMMISSION REGULATION (EU) 2017/1151 of 1 June 2017, EGR is used to reduce the NOx and to reduce the pumping losses in order to improve the fuel consumption. The EGR must stay on for more time due to the change in the drive cycle. This will be more relevant on roads, which allow higher speeds (European commission, 2017). If the EGR is turned on all the time, the engine will not be reliable. This indicates that the EGR should be turned on straight away. The reason behind this is to reduce the emissions at cold start and quickly make the engine more efficient. The EGR warms up the engine more quickly by the use of exhaust gases from the manifold.  The faster the EGR heats up the engine the faster the catalytic converter will work and this will lower emissions. Further low temperature testing strategy emissions measurements are to be found in the (Annex VIII European Commissions 2017). 


[bookmark: _Toc510096612]FUTURE RESEARCH 

In this paper, the argument has concentrated particularly on the reduction of NOx. This is not easy to achieve with after-treatment devices attached to the exhaust system.  For an engine design that meets the current emission standards and also assures a low fuel consumption, the following requirements are necessary:
1) A relatively small engine displacement with turbocharging (in combination with charge air cooling to increase engine performance).
2) Map controlled EGR (closed loop) 
3) Map controlled injection timing with selective adjustment of start of injection under FTP75 operating conditions incorporating a catalytic converter.


[bookmark: _Toc510096613]CONCLUSION

[bookmark: _GoBack]The experimental data, produced from this project has confirmed that EGR systems are a favourable method for decreasing the NOx emissions from PFI gasoline engines. This paper shows that EGR is an efficient method for reducing NOx levels. This project also showed that the increase in emissions of CO, HC, and CO2 caused by using EGR, can be reduced by using exhaust after-treatment techniques. It also showed that while EGR increases HC emissions, these can be reduced by a leaner mixture and delayed ignition timing. That EGR provides better fuel economy at any given A/F ratio without influencing CO emissions was also shown (Bielaczyc, 2007).
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HC with and without EGR at 25% throttle

EGR	1000	2000	3000	4000	5000	199.45833333333334	222.625	273.75	219.41666666666666	184.66666666666666	W/O	1000	2000	3000	4000	5000	163.66666666666666	127.375	169.83333333333334	139.70833333333334	165	RPM


HC Vol %




NOx with and w/o EGR  at 25% throttle

EGR	1000	2000	3000	4000	5000	493.33333333333331	641.04166666666663	1372.6666666666667	1460.5	2365.9583333333335	W/O 	1000	2000	3000	4000	5000	2084.7916666666665	2336.7916666666665	4826.625	4639.416666666667	3301.2916666666665	RPM


NOx ppm




Co with and without at 25% throttle

EGR	1000	2000	3000	4000	5000	0.92900000000000005	1.379	1.4690000000000001	1.286	2.149	W/O	1000	2000	3000	4000	5000	0.17699999999999999	5.5E-2	0.10100000000000001	0.10299999999999999	0.96399999999999997	RPM


CO  VOL %




O2 with and w/o EGR at 25% throttle

EGR	1000	2000	3000	4000	5000	10.130000000000001	7.57	0.65	0.43	0.52	W/O	1000	2000	3000	4000	5000	9.98	12.11	3	4.2699999999999996	6.17	RPM


O2 Vol %




CO2 with and without at 25% throttle

EGR	1000	2000	3000	4000	5000	6.69	8.6300000000000008	13.73	14.07	13.6	W/O	1000	2000	3000	4000	5000	7.7	6.23	12.78	11.89	13.96	RPM


CO2 Vol %




W torque against RPM @ 25% Throttle

 EGR	1000	2000	3000	4000	5000	495.00000000000006	302.5	247.50000000000003	137.5	27.500000000000004	W/O EGR	1000	2000	3000	4000	5000	715.00000000000011	467.50000000000006	330	275	220.00000000000003	RPM


Wheel torque Nm




Lambda with and w/o EGR at 25% throttle

EGR	1000	2000	3000	4000	5000	2.226	1.6579999999999999	0.97799999999999998	0.97499999999999998	0.95899999999999996	W/O	1000	2000	3000	4000	5000	2.2189999999999999	2.8730000000000002	1.2170000000000001	1.327	1	RPM


Lambda 




E torque against RPM @ 25% throttle

 EGR	1000	2000	3000	4000	5000	43.378891393277421	26.509322518113976	21.68944569663871	12.049692053688171	2.4099384107376345	W/O EGR	1000	2000	3000	4000	5000	62.658398679178504	40.96895298253979	28.91926092885161	24.099384107376341	19.279507285901076	RPM


Engine torque Nm




Fuel against RPM @ 25% throttle

 EGR	1000	2000	3000	4000	5000	3.4413840030805517E-4	4.2061360037651187E-4	5.162076004620827E-4	3.8237600034228347E-4	6.6915800059899621E-4	W/O EGR	1000	2000	3000	4000	5000	4.9708880044496868E-4	6.5003920058188209E-4	6.8827680061611034E-4	7.6475200068456693E-4	7.6475200068456693E-4	RPM


fuel kg/sec




Workdone against RPM @ 25% throttle

 EGR	1000	2000	3000	4000	5000	4.542626884066328	5.5520995249699565	6.813940326099492	5.0473632045181418	8.8328856079067499	W/O EGR	1000	2000	3000	4000	5000	6.5615721658735859	8.5805174476808439	9.0852537681326559	10.094726409036284	10.094726409036284	RPM


Workdone kg/sec




Test 3-Exhaust mass against RPM @ 25 % throttle

 EGR	1000	2000	3000	4000	5000	5.4029728848364652E-3	6.6036335259112358E-3	8.1044593272546987E-3	6.0033032053738505E-3	1.050578060940424E-2	W/O EGR	1000	2000	3000	4000	5000	7.8042941669860082E-3	1.0205615449135549E-2	1.080594576967293E-2	1.2006606410747701E-2	1.2006606410747701E-2	RPM


Exhaust mass kg/sec




Air against RPM @ 25% throttle

 EGR	1000	2000	3000	4000	5000	5.0588344845284103E-3	6.183019925534724E-3	7.5882517267926155E-3	5.6209272050315668E-3	9.8366226088052438E-3	W/O EGR	1000	2000	3000	4000	5000	7.3072053665410395E-3	9.5555762485536669E-3	1.0117668969056821E-2	1.1241854410063134E-2	1.1241854410063134E-2	RPM


Air kg/sec
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