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1. [bookmark: _Toc534420989][bookmark: _Toc3754055][bookmark: _Toc4974498]Introduction:
The invention of turbocharger technology, and harvesting exhaust gases to boost the engine power, is over a hundred year old (Jonathan, Krista, David. 2017). This report will discuss the basic operation principals of turbochargers, highlighting the key advantages of this technology. Practical work was determined in order to clearly understand the operation of a turbocharger and how components are mounted together, therefore the procedures of striping down a turbocharge will also be discussed. Furthermore, as the main aim of turbocharging is to increase the air intake within the cylinder, the factors that affect the flow of air to the combustion chamber and its efficiency on relation with turbocharger is covered on details within this paper. Because of the advantages that a turbocharged engine has over a naturally aspirated engine (NASP), the conversion of NASP engine to Turbocharged engine has become very popular, but it is not as easy as screwing a turbo on top of the engine and there are lot of modification that need to be done to the engine. The theoretical work regarding turbocharger installation will also be completed, along with the factors that contribute on turbocharger selection and the advantages of using a twin-turbochargers on V8 engine.       
2. [bookmark: _Toc4974499]Turbocharger technology and engine air flow :  
Turbocharges introduced a new level on engine performance over the last 10 years, this technology not only boosted engine power, but significantly helped on reducing exhaust-gas emissions through the downsizing of engines while maintaining the performance of a larger NASP engine (economist, 2015[Online]). Moreover, turbochargers affect the economic and environmental issues by helping on increasing fuel efficiency by up to 40% in diesel engines and up to 20% in gasoline engines, which also result on exhaust gas emissions reduction (Jonathan, Krista, David. 2017).             
Due to the difficulty in driving a centrifugal blower at high speeds (mechanically coupled supercharger), and the engine power losses which reach 35% associated with it. The introduction of turbocharger took place, where the exhaust gas is used to supercharge the engine (Hillier. 2014). Exhaust-gas turbocharger is a combination of centrifugal compressor and exhaust driven turbine, it consists of two turbo elements: a turbine and a compressor, where the impellers for the two elements are mounted on one shaft. The principal of momentum is the base of operating concept of turbo element, some of the enthalpy contained in the exhaust gas is converted by the turbine into a mechanical energy to drive the compressor, which draws in a fresh air through the air filter and compresses it (Bosch. 2014). Exhaust-Gas turbocharger is coupled only thermodynamically and not mechanically to the engine.  
Normally,  to drive the compressor a turbine of the radial flow type is used which has a similar construction as a centrifugal blower, but the gas flow through the unit is reversed. A cast-iron casing shaped like a snail’s shell encloses the turbine and feed the exhaust gas on to the periphery of the turbine blades, and a connection at the gas outlet at the centre of the turbine casing directs the exhaust gas to be passed out to the exhaust system (Hillier. 2014). The centrifugal compressor part includes three elements that need to be matched for optimum efficiency: Impeller which rotate at very high speed, air flow passing through it is accelerated to a high velocity by centrifugal force. Diffuser which acts as a nozzle in reverse to slow down the air flow without turbulence. The housing around the diffuser is used to collect the high pressure air and direct it toward the intercooler or directly to the intake manifold, in some cases the housing itself is also a diffuser (MacInnes. 1984).  
Increase on engine power comes from air, adding extra air into the combustion chamber will automatically result on extra power. thus, turbochargers are used to increase air content inside the cylinder, However, there are many factors need to be addressed when supercharging the air toward the combustion chamber using a turbocharger. Factors including Air temperature, Air pressure, Humidity, and Air mass per unit of volume. Air temperature hugely effect the amount of air entering the engine, temperature will not affect the volume of air, but it will have a massive effect on the number of molecules contained on a given volume of air. When the temperature of the air increases the density of the air decreases and vice-versa. Air pressure is another factor that affects the density of air and according to the automotive handbook published by Robert Bosch, it is generally accepted in automotive engineering that increasing the altitude by 328 foot will cause a power loss of 1%. Humidity is another atmospheric condition that affects the airflow and power. humidity represents the amount of water vapour carried on the air, when the temperature of air increases by 20 degrees F, its ability to hold moisture double and negatively affect engine’s power. Air mass per unit of volume is the combination of the previous conditions, temperature, pressure and humidity, all together affect the air mass in each cubic foot of air entering the engine. the ideal state of air mass would be 0% relative humidity, -40 degrees F, and a pressure of 15.28psi (Watson. 1994). Intercoolers has been widely used in automotive industry in order to enhance the operation of engine performance by controlling the factors discussed previously. The compression of the charged air by turbo increases the temperature of the air, and as proven before by Ben Watson that this rises in temperature will reduce the density of the charge. To overcome this issue, the intercooler has been developed and are mounted between the turbocharger compressor and the engine intake manifold, thermodynamically intercoolers are a heat exchangers, and generally are an air-to air exchanger. By lowering the air temperature to around 50-60 °c, the volumetric efficiency is improved and the detonation tolerance is increased (Hillier. 2014). Alternative to an intercooler is air-to-liquid charge cooler. This system operates in a similar way as intercooler but include a liquid coolant to cool the intake air even more. Those system are often used in high-boost pressure engines where the need to limit intake temperature is very important. The influence of turbine gas temperature on turbocharge performance is a huge topic that has been discussed by many authors, and as an example a study has been completed in 2006 concerning this topic and the result reported the following: when gas temperature at the turbine inlet rises from 50°c to 500°c, a decrease on compressor efficiency was measured and it was up to 14% lower for a given tip speed (Cormerais, Hetet, Chesse, and Maiboom. 2006).
Moreover, pressure entering the turbocharger and exiting the compressor also need to be controlled for optimum engine performance. the current technology provide solution for this in both boost limitation entering the turbine and boost pressure exiting the compressor turbine. Exhaust gas leaving the combustion chamber are very hot and that will place extra stress on the turbocharger, therefore a boost-limiting valve is fitted and is commonly called wastegate. This valve opens when the manifold boost reaches a predetermined pressure. In the other side, some turbocharged engines include a valve either within the turbo or within the intake system, it is called Re-circulation and dump valves and it limits the pressure built up on the intake turbine at closed throttle position. This valves improves the turbo response and limits the lag between gear changes (Hillier. 2014).     
3. [bookmark: _Toc4974500]Practical work regarding Turbocharger:  
As a part of completing this report, two hours workshop session has been booked for students to strip down turbochargers. Students were split into groups of 3 to 5  members in order for everyone to have a hand-on experience on striping a turbo as well as understanding its components and practically identifying how turbocharger parts are assembled together. This part of the report will document in detail the procedures adopted to strip down a turbocharger.   
Before starting with the procedures of stripping the turbo parts, below is a list of the necessary tools needed for that work: 3/8- inch Ratchet, twelve and ten millimetre sockets, torque wrench, twelve and ten millimetre spanners, long nose pliers, screwdrivers, and a brass hammer. 
[image: C:\Users\Yousouf Mustang\Desktop\2nd year\Turbo Assignment\turbo strip images\56120105_2126120514090493_8959044038468567040_n.jpg][image: C:\Users\Yousouf Mustang\Desktop\2nd year\Turbo Assignment\turbo strip images\04.jpg]First step to strip down a turbo is to separate the exhaust manifold in order to have a clear access to the assembly bolts of compressor and turbine. After separating the exhaust manifold, the actuator needs to be pulled off by unbolting the two bolts holding it to the compressor housing side and the single nut from the turbine housing side to release the clip where the flapper meets the arm, following that with the separation of the oil feed piping. The next step is to remove the V-band clamp that holds the turbine housing to the centre section, V-band clamp can be removed using a ten millimetre spanner or socket. After removing the V-band clamp, the turbine housing could be separated by holding the compressor housing and tapping with a brass hammer on the turbine housing downwards to release it. At this step the compressor housing could be separated as well by removing the four screw holding it to the bearing housing (it is also common to find two clamping plates screwed to support on holding the housing). Now as the both compressor and turbine housing are removed, the centre section of the turbo will be left bear and accessible for further stripping. [bookmark: _Toc4974513]Figure 1 Turbo stripe image 1
[bookmark: _Toc4974514]Figure 2 Turbo stripe image 2

To Strip down the centre section of the turbo, the turbine and the compressor wheel must be separated first. This can be done by holding stead the bolt in the turbine wheel side using a twelve millimetre spanner, then using a ten millimetre wrench to turn the nut clockwise in the compressor wheel side as it has a left-hand thread. After removing the nut from the compressor side, the compressor wheel could be removed as well as the turbine wheel and the turbine-side bearing (the seal-ring/piston-ring on the turbine shaft will be accessible as well). Next is pulling off the oil shield from the compressor side by removing the two screw, and then pulling off the thrust plate by removing the o-ring. At this stage the thrust washer/collar as well as the journal bearing (bearing of the compressor side) will be accessible. 
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[bookmark: _Toc4974515]Figure 3 Turbo stripe image 3                                                          Figure 4 Turbo stripe image  4                   
4. [bookmark: _Toc534420990][bookmark: _Toc3754056][bookmark: _Toc4974501]Turbocharger selection and intercooler calculations:  
In order to successfully fit the right turbo for a selected engine, multiple calculations must be done to get the best use of the compressor efficiency as well as intercooler efficiency. The calculation determined below will demonstrate in details the theoretical process for turbocharging a naturally aspirated v8 spark ignition four stroke engine, which has a bore of 95mm and a stroke of 80mm. the engine has a rev limit of 9500 rpm, and a volumetric efficiency of 85%. It is desired to run with turbocharger at 12 psi of boost pressure. 
Note: four compressor were offered to use for turbocharging this engine, and the work done bellow will help on choosing the suitable compressor. All fourth compressors maps can be found on the appendix at the end of this report.    


[bookmark: _Toc3754057][bookmark: _Toc4974502]4.1 Single compressor calculations:
The calculations presented below are for the installation of one big turbocharger combining all 8 cylinders.  
Cylinder Volume:
Volume = A x L
A = π d2 / 4 = [π x (95 x 10-3)2] / 4 = 7.09 x 10-3 m2 
V = A x L = 7.09 x 10-3 x 80 x 10-3 = 5.672 x 10-4 m3 
Total volume for 8 cylinders:
Vc = 5.672 x 10-4 x 8 = 0.0045376 m3 
Naturally aspirated engine Flow Rate:
Va = (Vc x ɳv x N) / (2 x 60) = (0.0045376 x 0.85 x 9500) / (2 x 60) 
Va = 0.31 m3/s  and Va = 0.15 m3/s (at half engine speed of 4750 RPM) 
Turbocharged Flow Rate:
PR = (14.7 + Boost) / 14.7 = (14.7 + 12) / 14.7 = 1.82
Vt = PR x Va = 1.82 x 0.31 = 0.56 m3/s = 83.06 lb/min = 1186.64 cfm
Vt = 0.28 m3/s = 41.53 lb/min = 593.32 cfm (at half engine speed of 4750 RPM)
Compressor Map: 
Compressor map is a Data sheet supplied by the turbocharger manufacturers, each design has a specific Map that shows the turbocharger flows ability. Running from the lower left corner of the chart toward the upper right is a curving diagonal line known as the surge line (Watson. 1994).   
[image: E:\Turbo Assignment\c4 single turbo.jpg]
[bookmark: _Toc4974516]Figure 5 Compressor number 4 MAP
 
If the engine were to fit a single turbocharger, the compressor presented in the fourth map will be the only suitable one as it has the capability to accept and deliver more air flow than the other compressors, and that is clearly demonstrated in the compressor map N4. The other 3 compressor offered cannot be selected due to the limitation of their Airflow Rate.      
[bookmark: _Toc3754058][bookmark: _Toc4974503]4.2 Double compressor calculations: 
The calculations completed below are for the installation of two-turbochargers, each turbocharger will combine 4 cylinders. 
Total volume per each cylinder bank (4 cylinders):
Vc = 5.672 x 10-4 x 4 = 0.002688 m3 
Naturally aspirated engine Flow Rate:
Va = (Vc x ɳv x N) / (2 x 60) = (0.002688 x 0.85 x 9500) / (2 x 60) 
Va = 0.18 m3/s  and Va = 0.09 m3/s (at half engine speed of 4750 RPM) 
Turbocharged Flow Rate:
PR = (14.7 + Boost) / 14.7 = (14.7 + 12) / 14.7 = 1.82
Vt = PR x Va = 1.82 x 0.18 = 0.33 m3/s = 48.95 lb/min = 699.27 cfm
Vt = 0.16 m3/s = 23.73 lb/min = 339.04 cfm (at half engine speed of 4750 RPM)
Compressor Map:  
[image: E:\Turbo Assignment\c1 twin turbo.jpg]
[bookmark: _Toc4974517]Figure 6  Compressor number 1  MAP
[image: E:\Turbo Assignment\c3 twin turbo.jpg]
[bookmark: _Toc4974518]Figure 7  Compressor number 3 MAP
When it comes to turbocharger installation, the selection factor is the turbocharger range. When discussing centrifugal compressors, the terms broad range or narrow range are commonly used to choose the suitable turbo system. Those terms have been described by Hugh MacInnes as following ‘in turbocharger work, range is normally the width of the compressor map at about 2:1 pressure ratio. The width of the compressor map is taken from the surge line to the 60% efficiency line. This is the area where the compressor will be used.’ (MacInnes. 1984). Multiple studies have been completed considering compressor map width limitations, because this has a dominating effect on the torque curve shape, power output and transient response. It is mentioned by Neil. et al, Tristan, and John that a smaller compressor is usually selected to achieve the required peak power targets within the choke margin. Energy from the turbine will then define the rest of the torque curve, engine volumetric and combustion efficiencies will also contribute on that torque curve, taking in account the boundary of the compressor surge line.   
If the engine were to fit twin-turbochargers, the compressor presented in the first map will be the suitable one. Thus because the compressor work efficiently at low engine speed (70%) as well as at maximum engine speed (71%), compared to the third compressor which only work efficiently at low engine speed (72%) and fall under 60% at maximum rpm. Also the first compressor deliver 76% maximum efficiency between mid-rpm and max-rpm, while max-efficiency of the third compressor is 74%. The other 2 compressor offered cannot be selected as they are out of range regarding Airflow Rate. 

When comparing twin-turbocharger results against single turbocharger results, the suitable system for this V8 engine is the twin-turbo as this will provide the engine with quick boost. The dual turbos are effective at low rpm and max rpm compared to the larger turbo which doesn’t work as effective as the smaller one at low rpm. The decision of installing dual turbos instead of one large turbo is justified by Hugh MacInnes under the following arguments: when turbocharging a V or opposed engine, if one turbo is to be used, the exhaust pipes need to be extended from one side to another and assembled on one collector, and because exhaust pipes become considerably hotter, they expand more and eventually they will crack and leak exhaust pressure. Using a dual turbochargers eliminate this exhaust-system problems as each exhaust system will fit a separate compressor. Another factor is the size and available space, it is much easier to fit two small units under the hood than one large turbo (MacInnes. 1984). This idea has been also supported by Ben Watson in this following statement from his book of intake and exhaust systems: ‘because most V8 engine are relatively large (2.5+ liters), the turbocharger required to adequately boost airflow would also have to be very large. A large turbo charger means a large rotating mass in the form of turbine and compressor. Large rotating masses mean lag. Treating the V-engine as two smaller inline engines and using a separate and smaller turbocharger for each engine bank will reduce turbo lag. An added benefit will be reduced plumbing requirement’.     

[bookmark: _Toc3754059][bookmark: _Toc4974504]4.3 Temperature calculations: 
Ambient temperature is 27°c (300k), and Compressor efficiency is 76% (0.76). 
Actual Temp Rise, Tco = [(PR0.28 x Ta) – Ta] / ɳc = [(1.820.28 x 300) – 300] / 0.76 = 72 k 
Tco = 300 + 72.1 = 372 k = 99°c 

[bookmark: _Toc3754060][bookmark: _Toc4974505]4.4 Intercooler calculations: 
If the engine were to fit a 60% (0.60) efficient intercooler, and assuming an ambient temperature of 27°c (300k). The estimation of how much this intercooler would lower the temperature could be determined as following.  
ɳi = (Tco – Tio) / (Tco – Ta) … Tio = Tco – [ɳi (Tco – Ta)]  
Tio = 372 – [0.60(372 – 300)] = 372 – 43.2 = 329 k = 56°c 
Intercooler Density Ratio:
DR = ( Tco / Tio ) – 1 
DR = ( 372 / 329 ) – 1 = 0.14
The intercooler gives approximately 15% increase in efficiency.  
Intercooler Internal Area:
Work at this section is completed with regards to the previous Twin-turbo results. 
Maximum Allowable flowrate for each compressor is determined to be 699.27 cfm. By using the graph provided below, the internal flow area can be found in Square Inch:
[image: C:\Users\Yousouf Mustang\Desktop\2nd year\Turbo Assignment\int area.jpg]
[bookmark: _Toc4974519]Figure 8 intercooler Size Graph
The internal flow area as observed from the graph is 35 sq inch, this however need to be divided by 45% in order to find the total charge air face area of the intercooler.          35 / 0.45 = 77.8 sq inch. 
There are two option to use an intercooler for this Twin-turbo V8 engine. the engine can either fit twin-intercoolers of 77.8 sq inch for each turbocharger or one intercooler for both turbochargers with total charge air face area of 155.6 sq inch.      
5. [bookmark: _Toc534420997][bookmark: _Toc3754063][bookmark: _Toc4974506]V8 Twin-Turbochargers Installation:
[bookmark: _GoBack]Supercharging a naturally aspirated engine (NASP) mean forcing more air into the engine cylinders using a supercharger or Turbocharger which is what this section will cover. However, the installation is not as simple as it looks, and it involve more complex work than just straight forward bolt on turbo kits. Whether it is a petrol or diesel engine, NASP engines are never designed to fit turbo without any internal and external modification. Compression ratio, exhaust and intake manifold, fuel injectors and fuel pump, camshaft profile and head-ports size, Electronic control unit and ignition timing, all this factors need to be considered prior fitting a turbocharger. 
Engine compression ratio need to be checked and lowered, naturally aspirated engines tend to run under high compression ratio which typically goes above 10:1, and adding a 12 psi of boost pressure in top of that compression ratio will highly increase the risk of blowing up the engine unless the car is built to run in high octane fuel and more advanced aftermarket ECU which allows further calibration to be made on fuelling and ignition timing. Compression issue also has been mentioned by Hillier as following: ‘Fitting a turbocharger to an engine that was originally designed as a normal aspirated engine can produce some advantages as long as suitable modifications have taken place, including lowering the compression ratio.’(Hillier. 2014). In this installation however, lowering compression ratio will be considered and ideally should be between 7:1 and 9:1 ratio to allow any significant boost pressure to be used, that’s can be achieved by various methods. The best technique is changing the piston to a low compression forged pistons, however this will significantly rise the cost of conversion. Second method is to fit a stroker kit to lower the compression ratio or fitting a larger head and thicker head gasket (or spacer plate) as this will increase the cylinder size specifically cylinder-stroke. Third method involve machining the top of the standard pistons (TurboDynamics, 2019[Online]). For maximum performance gains, cylinder head need to be ported and flowed to increase volumetric flow rate as the turbocharger will force more air, therefore, ports size is a major factor. Camshaft specifications must also be checked to make sure the duration and valve overlap is suitable for the application.  
When it comes to the fuel system a particular attention toward fuelling should be considered, the increase on air quantity requires more fuel or the engine will be on the risk of running too lean. To avoid that, the injectors need to be uprated to be able to deliver sufficient fuel, in the same time the fuel pressure must be uprated as well by installing a new pump and fuel pressure regulator. Over fuelling and advanced ignition timing will definitely destroy the engine, thus an advanced map needs to be programmed in order for the engine to run safe and efficiently. This will require an advanced Engine Control Unit (ECU) to be installed or upgrading the existing ECU as the increase in air and fuel demand will need a computer that is capable of monitoring all this variants. A custom map is highly recommended after fitting the turbocharger as the ignition timing needs to be retarded when the boost pressure rises, and the fuel must be controlled. 
The next section to consider when fitting a turbocharger to a NASP engine is the exhaust manifold. To mount the turbocharger, a turbo mount exhaust manifold should be purchased or designed, two 4 into 1 headers (joint) need to be designed first as in this application two turbos are fitted for V8 engine. following that, exhaust tubing design. In a turbocharged engine keeping the primary tubes equal length is not as a big concern compared to NASP engines. However, the most important factor is the primary tube diameter as in a turbocharged engine, the velocity of exhaust gases is vital and if the primary tubes are sized equal to exhaust port diameter, then the exhaust system will not slow down exhaust gases velocity. Also, its recommended to keep the primary tube diameter constant until it reaches the turbine as this will improve blending (Jay K, Miller. 2008). Two external wastegates need to be mounted for each manifold, that to control the pressure and boost response. 
For intercooler installation, as mentioned before there are two way of intercooling the compressed hot air. First is to use a single intercooler for both turbochargers, this as calculated before will have a face area of 155.6 sq inch, and it can be mounted in front of the engine as it need a large space to be available for the installation. Second, is to use a separate intercooler for each turbo (77.8 sq inch each), this installation could be done in situation where there is not much of free area around the engine, and both intercooler could be mounted in each side of the engine.










6. [bookmark: _Toc534421001][bookmark: _Toc3754065][bookmark: _Toc4974507]Conclusion:
Engine power is directly related to air intake, the more air filled inside the combustion chamber the more power the engine will give, that’s of course with the increase on fuel delivery and keeping control over it. To increase air intake in engine cylinders, Turbocharger technology have been introduced and widely applied within the automotive industry. However, as the turbocharger compresses the air, it makes it hotter and that will affect its density which will have a drawback on engine efficiency. To reduce this temperature, intercoolers has been introduced and are mounted between the compressor side of the turbo and engine intake system. Intercooler massively improved the usage of turbochargers and increased its efficiency.  The selection of a suitable turbocharger highly depends on engine size and engine volumetric efficiency, thereby, the selection of suitable intercooler will follow the size of the turbocharger, and the amount of air flow passing through the intercooler.   
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Appendix 1: Compressor Number 01 MAP
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Appendix 2: Compressor Number 02 MAP
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Appendix 3: Compressor Number 03 MAP
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Appendix 4: Compressor Number 04 MAP
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