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2. [bookmark: _Toc4998994]Introduction
This report has been put together to investigate pressure charging engines with turbo charging systems. Within this report is a turbo strip down takes place to gather an understanding of the internal mechanism and the various components. The safety from a workshop and personal perspective have been highlighted as important and followed during the workshop session. Photographic images have been used to illustrate the procedure throughout. 
In addition the report aims to decide the appropriate turbo to use on a specified engine from a selection of different variants. Tables 1 and 5 show the preliminary data provided regarding the engine in question and figures 1/5, 2/6, 3/7 and 4/8 show the four choices of turbo available. The decision consists calculations using equations for PR, VFR and conversions to compare the turbos. To recover lost power in the form of air density an intercooler has been designed and the amount of density recovered from this designed intercooler is shown. The appropriate turbo for a single and duel turbo system have been considered in the analysis as well a comparative analysis of the benefits and drawbacks of naturally aspirated against turbo charged engines. 




















3. [bookmark: _Toc4998995]Literature Review
[image: Image result for turbo diagram]
[bookmark: _Toc4999024]Image 1: DieselNet, 2017
Increasing power in a vehicle can be achieved via ways such as; Increasing swept volume (cc, number of cylinders), Increasing RPM or Increasing pressure (MEP). These can be seen in equation 1.  By adding a turbo to a vehicle the MEP will increase therefore increase the power. By increasing the pressure in the inlet manifold before the cylinder the air is pre-compressed. This allows for a higher amount of oxygen per volume (cc or m3). This means more fuel can be injected/metered to the cylinder to increase the combustion therefore increasing the power. However there is some limitations with this system such as maintenance, air density, space and setup.  
The construction and components of a turbo can be seen throughout the methodology (section 5). These components are designed to deal with high pressure, heat and rotate at speeds in excess of 100,000 rpm. Fundamentally they require oil to reduce wear over time. Over time turbo systems wear and if oil supplies run low or spot then catastrophic failure of the turbo can occur. For maintenance of a turbo system oil checks are recommended frequently also by removing housing of the turbine (Exhaust side) or compressor (Intake side) the shaft can be moved to test for wear of the bearings.  
When the air goes through the compressor side of the turbo the increase in pressure causes the air temperature to increase. The temperature of the air will also increase due to the close proximity to the turbine. This results in a loss of air density (Less air per volume). To counteract the loss of density the air travels through an intercooler. This takes the form of a radiator where water is used to cool the air used in the combustion process. The design of the intercooler is based on equations 5, 6 and 7 and figure 9 below. 
As mentioned above the close proximity of the turbine and compressor of the turbo causes loss of efficiency however within the engine bay space is an issue hence compromises are made. Ideally the air going in to the cylinder should be as close to atmospheric temperature as possible to increase the air density however even with the use of an intercooler the temperature of the air is rarely like this (as seen in section 6 with the use of equation 6). 
To equip a vehicle with a turbo/s requires calculations that will be discussed throughout the report. Also different setups of twin turbos and varying sizes (small and large) of turbos can give higher and longer lasting periods of peak power and torque unlike single turbos that have a narrow bands of peak efficiency and power.  




4. [bookmark: _Toc4998996]Safety and Equipment
Workshop and personal safety were considered while conducting disassembly and reassembly of the turbo. Workshop safety includes preventing hazards by performing risk assessments prior to events. This reduces the risk of such an event happening. Emergency fire, safety or warning procedures and first aid were considered in this session. Emergency fire, safety and warning procedures are undertaken as part of workshop induction. Staff are trained in first aid and first aid equipment is within the workshop if required. When removing sections of the turbo such as the turbine blades the edges may be sharp or broken hence risk is known and incase of requirement the first aid kit and help is within the area. (HSE, 2010)
[bookmark: _GoBack]PPE for Personal Protective Equipment follows the guidelines of HSE, 2013. Items such as dust coats, safety boots, gloves and eye protection are to be wore when and if need in the workshop. The safety boots contain a steel toe insert and provide the wearer with protection from falling objects. In the case in the workshop the items are relatively large and sharp hence these are required.  Gloves protect the wears hands from “temperature extremes, cuts, impact and punctures”(HSE, 2013). 
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[image: ][bookmark: _Toc4999025]Image 2: Workshop turbo dismantle and assembly, 2/2019, L. Standing












Images 3-13 are in located in the appendices see section 10. 
Image 2 shows a general turbo system connected to the exhaust manifold ready for disassembly. 
By removing two bolt and a nut the exhaust manifold could slide of the remaining threaded stud. This can be seen in image 4 with the manifold off the turbo.  Image 6 shows the remaining section of the turbo, the wastegate control vacuum line and solenoid were next removed. This can be seen in image 2 and 6 and the black hose and sensor. Connected on to this was the boost bypass valve which was removed at this point. Next the wastegate actuator seen in image 3 is removed from what’s left of the turbo which can be seen in image 5. This leaves what is seen in image 7. Next the compressor housing for the intake was removed. Make note of the white marker on the compressor housing and the bearing housing seen in image 9. This leaves image 8 which now consists of the bearing housing and the exhaust turbine housing. Image 10 exposes the exhaust turbine blades. Images 11 and 13 show the journal bearing (yellow), thrust metal seat (second from bottom of shaft before impeller), turbine blades, compressor impeller and bearing bush (centre of shaft).  
Within all these sections there are orifices for oil to lubricate the shaft to create hydrodynamic protection from metal on metal contact. The thickness of the impeller and turbine where very thin showing the low amount of torque required to rotate the shaft. This low torque can be undone by over tightening the nuts on either end of the shaft. This would result in the turbo not rotating at all and potentially damaging the engine. 
Therefore reassemble requires book of torques the nuts should be set to and making sure that the compressor housing and exhaust housing line up with the shaft housing. 


6. [bookmark: _Toc4998998]Results
	Name
	Symbol 
	Value 

	No. Of cylinders 
	n
	8  

	Bore 
	d (r)
	0.095m  (0.0475m)

	Stroke 
	l 
	0.08m  

	RPM limit 
	Nmax 
	9500rpm

	Volumetric efficiency 
	Ƞ 
	85% (0.85)

	Boost pressure 
	Boost
	12psi


[bookmark: _Toc4999019]Table 1, Preliminary data.
The data in table 1 above is the basis for which the turbo/s shall be selected from the 4 options. Additional data for intercooler is mentioned in table 5. Below is a set of equations that been used to calculate the VFR of the engine without (naturally aspirated) and with a turbo. These VFR values are then used to determine the turbo selection. 

Power equation 								
[bookmark: _Toc4999012](Equation 1)

Pressure Ratio equation			 				
[bookmark: _Toc4999013](Equation 2)

Volumetric Flow Rate equation							
[bookmark: _Toc4999014](Equation 3)
 
Volumetric Flow Rate Turbo equation 	 				
[bookmark: _Toc4999015](Equation 4)

By using equation 1 the Power of the engine can be calculated. MEP is part of this equation and as previously mentioned an increase in this will increase the power output. 
Using equation 2 the pressure ratio can be calculated. 
  PR= 1.816326530612244897959183673469387755102040 (Equivalent to and shown as this in short) 
 Using equation 3 the VFR of the engine without the turbo can be calculated. Prior to this the volume of the cylinder has been calculated as part of the equation. 
 VFR volume has to be calculated as shown below, 
 
 = 5.67057474x10-4 m3 
= 38.15824252x10-3 m3/s  
Using equation 4   

 = 0.06930782825 m3/s. 
This would be the VFR for a single cylinder with turbo. This value compared to the previous VFR (naturally aspirated) shows the volume of air per second increase with the addition of the turbo. As this is a multiplication of the PR then the VFR on the turbo engine will be around 181% effective. 
Total =0.554462626 m3/s  
This is the total VFR for whole engine with a turbo as 8 cylinders are present.

Turbo Selection
	Table of Conversions 

	1 m3/s
	= 2119 cfm (2118.880003) 

	1 cfm
	= 0.07 lb/min (0.0666666...)


[bookmark: _Toc4999020]Table 2: Table of Conversions
The turbo maps are given as PR against pounds per minute (lb/min). Hence the values of VFR have been converted to lb/min using Table 2 above. 
 = 0.06930782825 m3/s = 146.863881 cfm = 10.28043016 lb/min  
Total  = 0.554462626 m3/s = 1174.906304 cfm = 82.24344131 lb/min 
As we know what PR and lb/min at max RPM we can use this to plot points on the turbo maps to spool up from 20% air flow and up to the desired boost by 50% air flow. 
	Turbo mapping, Single Turbo. 

	Air Flow percentage
	VFR (lb/min)
	PR 

	100% Air flow (Max)
	82.24344131 lb/min 
	PR =1.816... ()  

	50% Air flow 
	41.12172066 lb/min
	PR =1.816... ()

	20% Air flow 
	16.44868826 lb/min
	PR =1.00  


[bookmark: _Toc4999021]Table 3: Turbo Mapping, Single. 
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[bookmark: _Toc4999003]Figure 1: Turbo 1 Map (Single), 2019
[image: ]
[bookmark: _Toc4999004]Figure 2: Turbo 2 Map (Single), 2019
[image: ]
[bookmark: _Toc4999005]Figure 3: Turbo 3 Map (Single), 2019
 [bookmark: _Toc4999006]Figure 4: Turbo 4 Map (Single), 2019








Figures 1, 2, 3 and 4 have been analyzed in section 7.
In addition to a single turbo for both banks of cylinders on the V8 engine there could be one turbo for each bank (4 cylinders). Hence the table 4 has been created to determine which turbo from the selection would be suitable for 4 cylinders per turbo setup (one turbo for each bank of cylinders).  
	Turbo mapping, Duel Turbo. 

	Air Flow percentage
	VFR (lb/min)
	PR 

	100% Air flow (Max)
	41.12172066 lb/min
	PR =1.816... ()  

	50% Air flow 
	20.56086033 lb/min
	PR =1.816... ()

	20% Air flow 
	8.224344132 lb/min
	PR =1.00  


[bookmark: _Toc4999022]Table 4: Turbo mapping, Duel. 
[image: ]
[bookmark: _Toc4999007]Figure 5: Turbo 1 Map (Duel), 2019

[image: ]
[bookmark: _Toc4999008]Figure 6: Turbo 2 Map (Duel), 2019

[image: ]
[bookmark: _Toc4999009]Figure 7: Turbo 3 Map (Duel), 2019

[image: ]
[bookmark: _Toc4999010]Figure 8: Turbo 4 Map (Duel), 2019
Analysis of the figures 5, 6, 7 and 8 can be seen in section 7. 


Intercooler Design 
	Name 
	Symbol 
	Value

	Ambient air temperature 
	Ta 
	27˚c (300.15k) (0˚c = 273.15k)

	Intercooler efficiency 
	Ƞi 
	60% (0.6)


[bookmark: _Toc4999023]Table 5, Preliminary data for intercooler. 
Data in table 5 is provided and has been used in the equations 5, 6 and 7 below. 

Temperature out equation 			
[bookmark: _Toc4999016]Equation 5
Intercooler outlet air temperature equation	 
[bookmark: _Toc4999017]Equation 6
Density Recovery equation 			   
[bookmark: _Toc4999018]Equation 7


The temperature increase of the air on the compressor side can be calculated using equation 5 shown below. This gives an approximation to how much the intercooler has to reduce the temperature by.  
 = 354.7420302k (81.59203017˚c) 
Change in temperature = 354.7420302 – 300.15 = 54.5920302k/˚c 
This change on temperature is the difference between the temperature of the air from the turbo compared to the temperature outside the car. The ideal situation would be for the intercooler to remove all the heat and this can be calculated using equation 6. 
 = 321.9868143k (48.83681428˚c)
Change in temperature=354.7420302-321.9868143= 32.7552159k/˚c
This change in temperature is the amount of heat that has been removed from the air. Using the same values as the change in temperature calculation above in equation 7 the amount of air density removed from the intercooler can be calculated. 
 = 0.1017284387 
Therefore for an intercooler with 60% efficiency (typical) the resulting air density increase would be 10.17284387%.  
[image: ]Figure 9 shows the graph of air flow rate (cfm) against the internal flow area (sq. in). Using this graph and 1174.906304 cfm as the Total VFR as part of the conversion (Table 2) earlier an estimate for the internal flow area of the intercooler can be made. If two intercoolers were to be used then the individual flow rate would be 587.45302 cfm (shown in blue on figure 9) giving an internal flow area of around 29sq in per intercooler (shown on figure 9). Resulting in a total flow area of around 58sq in. 
[bookmark: _Toc4999011]Figure 9: Intercooler Graph of flow rate against flow area. 
On a typical intercooler the channel entrance that the air can enter to be cooled comprises of around 45% of the total area available as channels for the water cooling the air take up space as well (50% in addition to the 5% for the core structure in the channels). Hence the total area of the intercooler entrance would be around 128sq in or 0.08315395555m2.  Therefore as a guide an intercooler 0.5m wide would have to have a core width of 16.63079111mm or an intercooler 0.25m wide would have to have a core width of 33.261582222mm. 

7. [bookmark: _Toc4998999]Analysis

Figures 1, 2 and 3 show the points plotted are too far to the right to be within the efficiency contours of the turbo maps 1, 2 and 3 respectively. Hence these turbos would be too small individually. Figure 4 showing turbo map 4 has the ideal characteristics. The points plotted are all within the efficiency contours with 74% efficiency at 50% air flow and 76% efficiency at max air flow. The point for 50% air flow is close to the surge line which runs the risk of unstable fluctuations in flow rate and pressure however it’s slightly below. The pathway of this also goes through the maximum efficiency of the turbo at around 75% air flow. 
When the engine is theoretically split so there are one turbo for 4 cylinders each of the turbos that were too small for a single turbo become a lot better in terms of efficiency and therefore power. Turbo 1 map seen in figure 5 has a great efficiency from 20% to 50% however its downfall is from there onwards as again it goes outside of the efficiency contours. Turbo map 2 (figure 6) has the same good spool as figure 5 however the max air flow is positioned at the exact point of maximum efficiency. Turbo map 3 (figure 7) is similar to turbo map 2 as they both spool up well and at 65% efficiency but the third turbo map reaches peak efficiency to soon at around 75% air flow. This means right at the top RPM the turbo is less efficient than that of turbo 2 which peaks at max air flow with 76% efficiency. Turbo 3 also runs close to the surge line of the map meaning these the risk of fluctuations causing power loss and or damage to the turbo. Turbo 4 has become obsolete as all the points are before the surge line. 
Therefore from the data turbo 4 shows good map as a single turbo, whereas a duel turbo set up better suits turbo 2. In terms of life cycle turbo 2 runs up to 84,200 rpm whereas turbo 4 only runs up to 55,378 rpm with this it would be expected the turbo 4 would benefit as less wear from less rotations. One option for a race characteristic would be to have both as a twin turbo set up. Giving the benefits of a faster spool at low RPM (VFR) with turbo 2 and then a more efficient high power turbo in the high RPM (VFR).  
In terms of naturally aspirated engine against turbo charged engine the benefits are clear from the equations. Equation 4 shows the VFR of a turbo charged engine is always going to be higher than a naturally aspirated engine with the same swept volume (cc) as long as the turbo selected is the correct one. This would be based on the calculations and equations shown in section 6. So the turbo charged system would be more powerful (equation 1) and have a higher torque. As mentioned in the section 3 (literature review) the power can be increased by increasing volume or RPM, but if the power needs to remain the same and the volume be reduced (therefore reduce the size of the engine) a turbo can be used to maintain the same power in the smaller engine. This is also known as downsizing this can lead to smaller car, less material used to make the engine and so on. However there are disadvantages as well such as noise, oil leaks in the turbo can cause high emissions, worsened performance and potential for breakdown. The addition of a turbo to vehicle requires a lot space in the engine bay and increases the weight of the vehicle overall compared to a vehicle without a turbo. 
There are ways to improve the VFR on a naturally aspirated engine without adding a turbo. Removing restrictions from the atmospheric air to cylinder such as porting the head to make sure the surface is smooth but also the right size and fit. The air box allows the air to stay stationary behind the valve before it opens helping build up pressure. Positioning the air box (especially on a race vehicle) in an area to allow cooling prevents losing air density much like the turbo. In addition to removing restrictions before the cylinder is remove the restrictions after the cylinder. While the exhaust gases can’t leave prevents air filling the chamber completely. So size and fitting are also considered on the exhaust side as well. Lastly all these points mentioned from improving VFR can be used on turbo systems as well. 

























8. [bookmark: _Toc4999000]Conclusion 

To conclude for a single turbo system figure 4 shows that turbo 4 would be most beneficial, whereas if for a duel turbo system (so the same turbo but two of them, one for each bank of 4 cylinders) figure 6 shows turbo 2 would be best. Between the two the better choice appears to be the single turbo. The efficiency remains higher overall on the on the single turbo system, in addition the rpm is value is much less for that efficiency gain. Other things such as fitting one turbo would take up less space than the two required for the duel system, also the weigh would be the same from the intercooler but the weight of one less turbo would be an advantage. The cost of the turbos aren’t mentioned however its likely two turbos would cost more than one so that’s another factor to consider. 
In conjunction 128sq.in or 0.08315395555m2 has been the calculated area of the intercooler or an effective area of 58sq.in. 
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