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Abstract 

 

My final year project changed direction in December from creating a 2-zone combustion model 

using Ford Sigma and Ford Fox data, to only using Ford Fox dynomometer data to analyse the 

energy losses pre-turbocharger to post-turbocharger, and then to atmosphere. 

This was done using a calculator created for a previous assignment that calculates the amount 

of each primary emission created for whichever fuel the user wants – gasoline is used for this 

engine. The calculator calculates the number of reactant molecules and product molecules for a 

fuel at either stoichiometric mix, or at varying fuel equivalence ratios for both rich and lean 

mixtures, and it also provides the enthalpy of formation. 

The amount of each product for each fuel equivalence ratio (calculated using LAMBDA map in 

ford data) allows the calculation of the enthalpy lost across the map for each area (across turbo 

and out to the atmosphere). 

The same maps were used for the compressor, and as a result, compressor efficiencies can be 

mapped out, revealing what's happening at different loads and RPMs. 

These maps have also been created for the intercooler to see how much energy must be 

removed because of the compressor energy gains. 

The kWs of energy out of the intercooler reveal the potential to recoup energy to potentially 

power a supercharger, however, this was not the focus of the project due to time constraints but 

would be fascinating for further work. 

 

 

 



Aims and Objectives 

Initial Project 

The project started with an aim to explore the effects and benefits of a variable compression 

ratio (CR), and possible ways to implement it. 

The objectives involved gaining a broad knowledge of combustion to form the basis for the 

analysis of the aim. This would be achieved through literature, lecturers, and data manipulation 

using Microsoft Excel. 

The engine data used for this analysis was provided by Malcolm McDonald and was attained 

from Ford Motor Company. The dynamometer data was for the Ford Sigma 1.6, 4 cylinder, 

naturally aspirated engine, and later the Ford Fox 1.0, inline-3, turbocharged engine was 

introduced for a comparison of the results. 

This began with: 

• Creating Pressure-Volume (PV) diagrams & understanding what they represent and why 

they change across the RPM range 

• …Log PV diagrams 

• Exploring “Work Done” in a cycle & understanding the thermodynamic principles behind 

it 

• Understanding problems surrounding varying CRs, particularly “Engine knock” & 

“Detonation” 

• Calculating and understanding the Mean Effective Pressures (MEPs) 

• …Polytropic index values 

• …Mass fraction burn 

• …Burn duration & Ignition Delay 

• …Efficiency 

Turbo-charger Losses 

The project changed aim as the interest moved to the exhaust, and the idea of energy recovery. 

The Ford Fox data was taken forward with an aim to analyse the power losses through and 

exhaust with a turbo-charger, and consider how the system could be more efficient. 

The objectives to achieve this: 

• Calculate power lost through exhaust system including turbo-charger 



• …power recovered by the turbo-charger via compressor 

• …the power wasted through the intercooler 

• Understand the thermodynamic principles behind the calculations 

• Discover why and where the losses occur 

• Gain data required to finish calculations by flowbenching Fox turbo and recording results 

• Design and manufacture flowbench adaptor rig in required timescale to proceed with test 



Research / Literature Review 

Final Project 

Thermodynamic Principles 

The first law of thermodynamics provides the concept that the change of the internal energy of a 

system is equal to the sum of the inputs (heat) and outputs (work done) of that system 

expressed as: 

Δ(𝑚𝑚𝑚𝑚)
Δ𝑡𝑡

= 𝑊̇𝑊 + 𝑞𝑞 

(Gary L. Borman, 1998) 

Where 

me = internal energy of the mass  t = time  Ẇ = power  q = rate of heat into system 

This law assumes an adiabatic system where no losses occur when energy is transferred, 

however, energy losses can occur through heat lost through the boundary, sound energy 

through waves via vibrations, and mechanical losses due to friction. 

Therefore, the energy into a system cannot equal the energy out, however, the efficiency of a 

system is considered higher when the energy in and out are closer in value. 

Hot exhaust gases contain a large amount of energy, as it passes through the turbine of a turbo-

charger, this energy is transferred to the compressor kinetically via a shaft. It is possible to find 

the heat transfer from the mass flowing through, and the enthalpy difference of the mass, which 

is the specific enthalpy: 

𝑊̇𝑊 = 𝑚̇𝑚(ℎ𝑖𝑖𝑖𝑖 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜) 

The temperature of the exhaust gas in important as it governs the amount of power that can be 

recovered through the turbine (Heywood, 1988). 

This efficiency is important, as internal combustion engines only make use of approximately 

30% of the fuel power effectively, therefore minimizing loses elsewhere can increase efficiency. 

Ford Fox 1.0L EcoBoost Engine 

The Fox engine is an inline, 3-cylinder, tubro-petrol engine which uses direct fuel injection, and 

has a displacement of 999cm3. It has a maximum power of 92kW at 6000RPM (Ford, 2018). 



It was designed for economical road-use, using less fuel but producing equivalent torque and 

power than a naturally aspirated engine of the same specifications. This is down to the turbo-

charger, as a smaller, low speed car -especially when in use in cities and areas with low speeds 

and traffic- could use assistance in dragging more air into the engine. 

The turbo-charger is likely to become most useful at 2750 RPM, judging from the Fox data (2), 

page 46, AIRMASS kg/h and AIRMASS UEGO kg/h maps, the latter of which is the airmass 

calculated from the Universal Exhaust Gas Oxygen sensor, as opposed to the air/fuel ratio as 

was done in this thesis. The latter map can be considered ‘real’ and the first map can be 

considered as the ideal airmass that might neglect factors that affect it. 

The calculated airmass coming into the engine can be seen to be more than that of the real 

airmass until 2750RPM when it surpasses it until 4500RPM where it fluctuates and resumes 

remaining at a vaguely smaller airmass. This implies that the turbocharger is bringing more air 

into the engine between these RPMs, which is a reasonable driving RPM. 

A small turbo has been used in the Fox for packaging reasons, and because it is adequate to 

achieve the desired effect. A small turbo has the benefit of delivering quicker boost response, 

even at lower loads and RPMs, but at the expense of high back-pressure at higher RPMs. 

This is ideal for a car that is not expected to be driven at high speeds and is likely to be driven 

through urban or semi-urban areas. (Bell, 1997) 

 



Methodology 

Initial Work 

The first project aim was to create a 2-zone combustion model using 1.6 Ford Sigma data and 

1.0 Ford Fox data as a comparison. 

Initially, the data was opened in excel and ‘cleaned’ up to create a spreadsheet that was easy to 

work with. The individual cylinder pressures were compiled into a ‘mean’ pressure column in 

bar, and volume was left in cc for the purpose of observing the patterns in pressure/volume (PV) 

diagrams. 

Figure 1 - Table of work trends across Crank Angle 

PV diagrams give a vague overview of the losses in the 

power loop and pumping loop due to heat losses, 

pumping losses, and friction losses. This is observed by 

calculating the ‘work done’ for every degree of crank and 

using the sum of the work done within certain strokes to 

calculate Mean Effective Pressure (MEP), Gross Mean 

Effective Pressure (GMEP), Pumping Mean Effective Pressure (PMEP), and Indicated Mean 

Effective Pressure (IMEP). 

The positive and negative work strokes and the crank angles they occur at are seen in Figure 2 

- Table of work trends across Crank Angle. GMEP is the gross, the sum of the work done in the 

power loop divided by cylinder displacement, PMEP is the sum of the pumping loop work done 

divided by displacement, IMEP is the sum of the entire cycle divided by the displacement, which 

represents the actual work, positive minus the negative. 

The trend of positive and negative work done can be seen in Logarithmic PV diagrams were 

created to see the rate of change between the pressure and volume clearly, and therefore 

reveal where the start (SOC) and end of combustion (EOC) is from locating where the rate of 

change in the pressure and volume ceases or begins to be linear.  



 

Figure 2 - Overview of Log PV diagrams 

The logarithmic PV diagrams also highlight larger power and pumping loops across the RPM 

ranges, displaying them more clearly to the naked eye. 

Larger pumping loops mean increased negative work done in the system, whereas larger power 

loop indicates less energy losses, and therefore more efficiency, and more positive work in the 

system. The changes and trend of the logarithmic PV diagrams can be seen in Figure 1 - 

Overview of Log PV diagrams. 

With a clearer view of the SOC, the 𝑛𝑛𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 value can be found within the 𝑛𝑛 data as 

pictured in Figure 3 - Excel example of equations & process in column ‘J’. This sheet is an 

example of the first steps to calculate mass fraction burned (MFB) and the work done, and this 

is done for each RPM provided in the data. 

Locating the last few angles of crank before the line of compression stops being linear on the 

log PV diagrams, these angles can be found in column ‘E’, and then an average can be taken 

for these points in column ‘J’ to attain the 𝑛𝑛 value for the compression, which is just the gradient 

of the line and is a constant. 



 

Figure 3 - Excel example of equations & process 

P2n represents the pressure -in bar- which would have been reached had the increase only 

been due to the change in volume. Therefore, the ‘change in pressure’ in column ‘L’ is the 

change in pressure due to only the combustion. This value can be used to find the MFB using 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑ Δ𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
𝜃𝜃

∑ Δ𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆
𝐸𝐸𝐸𝐸𝐸𝐸

 1 

 

Final Project 

Fuel Products Calculator 

A calculator created for a previous assignment was adjusted and used to provide the number of 

molecules of each primary product of combustion at varying fuel equivalence ratios. 

Data Maps 

The Ford Fox data had to be converted to excel format to be useable, and the maps for 

• Temperature for Pre-Turbocharger, Post-Turbocharger, Pre-Compressor, Post-

Compressor, Pre-Intercooler, Post-intercooler (°Celsius to Kelvin) 

• LAMBDA 

• Fuel mass (kg/g converted to kg/s) 

• Air/Fuel Ratio 

Were collected and from these 

• Air mass (kg/s) 

• Total mass (kg/s) 

• Fuel Equivalence Ratio 

• Atmospheric temperature (assumed 298k) 

Could be calculated and mapped out at the same load sites. 



Enthalpies and polynomials 

The enthalpy of each product at each map site are calculated in Excel using the temperature of 

the environment and polynomial for the product, and the products must be calculated based on 

the fuel equivalence ratio as stoichiometric, rich, and lean mixtures output different products to 

each other. 

Polynomial equations for each product were calculated from Microsoft Excel using a polynomial 

trendline tool, creating an equation to the maximum order Excel allows – 7 – for greater 

accuracy. The enthalpy (h) data was provided in lectures, and the tables were photocopied from 

books which reference the JANAF tables. 

ℎ = 𝐼𝐼𝐼𝐼((𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) > 0, (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝐸𝐸𝐸𝐸.× 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇), 0) 

Using the polynomial equations for 𝑁𝑁2, 𝐻𝐻2𝑂𝑂, 𝐶𝐶𝑂𝑂2, 𝑂𝑂2, and 𝐶𝐶𝐶𝐶 molecules, an enthalpy map for 

each element is created, referencing the temperature map. This is repeated for each region – 

pre and post-turbo, etc. 

∆ℎ 𝑎𝑎𝑎𝑎 𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐼𝐼𝐼𝐼(𝐴𝐴𝐴𝐴𝐴𝐴((ℎ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1) > 0, (ℎ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2)

> 0), (′(ℎ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅1)− (ℎ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2)) ∗ 𝐼𝐼𝐼𝐼((𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)

> 1,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉((𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉),𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, 4,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇),𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉((𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 4,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)),0) 

Another sheet calculates the difference in the enthalpy values between each region, in essence, 

the enthalpy loss or gain between each region for each product molecule.  

Microsoft Excel “IF” statements provide a method to quickly decide what value to multiply the 

molecule enthalpy difference by, which is affected by the fuel equivalence ratio (FER). The 

“VLOOKUP” function can call the required number of molecule values from tables created for 

either a lean, rich, or stoichiometric mixtures, and “IF” statements reference the LAMBDA table 

for each corresponding load points to decide which VLOOKUP table to use. 

ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(
𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
) = 𝑆𝑆𝑆𝑆𝑆𝑆(𝐶𝐶𝐶𝐶2,𝐻𝐻2𝑂𝑂,𝑁𝑁2,𝑂𝑂2,𝐶𝐶𝐶𝐶) 

Summing the enthalpy differences at each load point provides the total enthalpy loss. 

ℎ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑝𝑝𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑘𝑘𝑘𝑘) = (
ℎ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
) ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑘𝑘𝑘𝑘/𝑠𝑠 

A separate row of tables calculates the enthalpy lost/gained per second for each region change, 

including the loss from pre-turbo all the way through to the atmosphere. The weight of the 



molecules for air and fuel can be calculated using atomic masses available in a periodic table 

saved within the sheet, and the calculated value is also saved within the sheet for ease of cell 

referencing. 

The total mass per second map is calculated using the fuel mass map and the air/fuel ratio map 

to attain air mass and summing these values to create a new map. 

This results in the kilo-watts of energy being lost for each RPM, at each load point, across the 

turbo-charger and out of the intercooler, and also for the kilo-watts of energy gained from the 

turbo-charger across the compressor. 

Transfer Efficiencies 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ((𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑘𝑘𝑘𝑘 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)/(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑘𝑘𝑘𝑘 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙) ∗ 100 

The final map to reveal the transfer efficiency at each point is created by dividing the enthalpy 

gain per second of the compressor by the enthalpy per second lost from the turbo, and 

multiplying by 100 to create a percentage. 

The efficiencies are affected by the wastegate opening, and an over-efficiency (above 100%) 

was seen in the first data file, so another data file has been analysed in the same format for 

comparison, and the turbocharger was physically tested on a flowbench to record the air mass 

coming through the turbocharger with the wastegate opening at small increments from closed. 

Flowbenching the Turbocharger wastegate 

The turbocharger must be fitted to the flowbench via a rig that fits both mouths, in the case of 

this project, the jig had to be manufactured to fit both the flowbench mouth and the turbo 

entrance from the exhaust manifold. 

The port must be blocked from the wastegate port onward to prevent air escaping to the turbine, 

this was done using blu-tac, however ideally a cork would be used so as not to leave residue in 

the port once testing is complete. 

The flowbench blows air through the turbocharger as it would in an exhaust system – from the 

exhaust manifold, through the wastegate, and down the exhaust. 

A device to both measure the distance that the wastegate has traveled, and open and close it 

securely was also manufactured using welded bolts, a spring, and a modified nut with ‘tip-ex 

indicators’ to crudely, but reasonably accurately allow the wastegate to be opened and closed 

with a spanner at 0.5mm increments. 



Using Excel, the flowscale is recorded at every 0.5mm lift increment from wastegate closed to 

fully open, and as the flowscale nears 100% for the range in use, the next range is used, and 

this provides a conversion to find the flow in both litres per second and cubic feet per minute. 

The test was conducted twice on two separate days to provide a comparison and potentially 

relieve any obvious anomalies – ideally the test would be carried out more than twice to provide 

a better reliability of results. 

The test is concluded when maximum opening has been reached, although the results stop 

fluctuating earlier as the effective area of the port prevents increased wastegate opening from 

having more of an effect once this limit is reached. 

Data is graphed to provide an easy observation of the relationship between the air coming 

through each second and the amount of which the wastegate is open, effortlessly presenting the 

significance of effective area, and where the lift becomes useless. 

Flowbenching a Turbo-charger 

A rig that fits both the flowbench mouth and the exhaust port on the turbo-charger was 

manufactured. This was done using scrap metal and welding, and the rig was fastened to the 

flowbench using bolts, however an air-tight seal is created between all components using blu-

tac. 

Should an air-leak occur, it can be located using a liquid such as WD-40 to make the leak 

visible. It is important that a leak does not occur during testing, as this can invalidate results, 

however, if there is a leak that cannot be resolved from the start, a corrected flow can be 

calculated by subtracting the first reading from the values attained there-on after. This is not 

ideal as there is no way of knowing if the leak becomes bigger. 

A welded bolt provides a method to open and close the wastegate whilst measuring the lift 

distance, and keeping it in place firmly. A nut with a welded metal tube pushes against a metal 

plate whilst being free to be screwed up and down the bolt, completing the mechanism to open 

and close the wastegate. This bolt is turned with a spanner. 

Once the turbo-charger has been attached and the wastegate valve is fully closed, the 

flowbench range should be set to range ‘1’, the flow direction set to ‘exhaust’, and the CFM 

value at ‘150 CFM’ as recommended by the handbook to prevent overheating. 

The flowscale should be calibrated to start at ‘0’, and the flowbench then turned on to take the 

first reading. The exhaust tap should be opened until the pitot tube reads 25” of water, and this 



sets the test pressure for the rest of the test. The flowscale can be read once the test pressure 

is reached. 

The wastegate valve is opened to 0.5mm by a half turn of the nut, as the thread pitch of the bolt 

is 1mm, so a full rotation of the nut forces the bolt to pull the wastegate valve open 1mm. 

Once the flowscale is nearing 100%, the range is increased to ‘2’, and the process continues as 

usual until the wastegate is fully open. 

All readings are recorded in Excel and can be converted into flow and graphed to observe the 

flowrate at various wastegate openings. 

Combining Flowbench Data and Ford Data 

The data obtained from the flowbench can provide a method to attain flowrate at the wastegate 

lift openings provided in the Fox data. 

A polynomial equation for the lift and flowrate can be created to find the flow at any given 

amount of lift in the Fox data. 

 

 



Results & Analysis 

Initial Project 

PV Diagrams 
Fox and Sigma PV diagrams reveal that the Fox engine is turbo-charged as the ignition delay is 
increased dramatically in lower RPMs where there are low flame speeds and a high risk of 
knock. Pumping losses are not large until the higher RPMs.  The Sigma looks more like an ideal 
cycle, indicating maybe more efficiency and close to TDC (high pressure). 

There is less chance of knock at higher RPMs, therefore less ignition delay, but bigger pumping 
losses. However, area of power loop increases too, compensating for larger pumping losses. 
The Sigma remains consistent, pumping loop isn’t dramatically large, but the power loop isn’t 
obviously enlarging either 

Combustion occurs after TDC but the sigma maximum pressure occurs closer to TDC higher 
RPM. This affects MFB too. 

MEPs 

 

Figure 4 - Sigma GMEP v RPM 
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Figure 5 - Fox GMEP v RPM 

The PV diagrams may hint to the combustion behavior, however, analysing the data reveals the 
reality, and it is seen that the Sigma engine GMEP does not compensate the PMEP past 3000 
RPM. 

 

 

Figure 6 - Sigma table of MEP 

 

Figure 7 - Fox table of MEP 
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Tables reveal that for the Sigma, the maximum GMEP achieved is at 5000 RPM, however, the 
PMEP continues to increase, and does so exponentially until 6000RPM where it increases less 
aggressively. 

The Fox reaches maximum GMEP and IMEP at 3000RPM and is then overcome by the 
pumping losses. This may be due to the parameters of the throttle, as a choke effect may start 
to take place if it’s not large enough to effectively use all of the air that the turbo-charger is 
capable of bringing in. 

The engine is, after all, designed for road use and economy - the addition of a turbo-charger is 
to compensate for the power that the engine is lacking due to its small size whilst re-cycling 
exhaust gases. The choking that may occur may not be an issue for a car that is not designed 
for performance and speed, however pumping losses do decrease efficiency. 

As the values in the table represent full load, throttle can be assumed to be jammed open – 
looking at the official Ford data, the full-load after-compressor pressure ceases to rise after 
2500RPM and drops considerably after 5500RPM as a reflection of the pre-turbo pressures. 

The transfer efficiency graphs created show that there is no loss occurring due to this efficiency, 
it only improves, therefore the pressure drop couldn’t have occurred through the compressor not 
having the ability to drawn in air or the turbo-charger not efficiently giving it the energy to do so 
– there must not be enough air coming through the turbine as the RPM increases. 

Looking at the maps for wastegate opening, this may seem invalid as the wastegate opens 
more through the RPM at full load, but the map showing the massflow that bypasses the turbine 
does imply that this could be the cause for the dropping power. 

Considering a simple power equation 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃 × 𝐿𝐿 × 𝐴𝐴 × 𝑁𝑁 Stroke and Area are constant, N 
increases linearly with RPM (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑅𝑅𝑅𝑅𝑅𝑅

2
), and Pressure is expected to increase as 

fuel and air is added with throttle demand. 

Looking at the Ford data map for manifold pressure (pg 44 recorded in inches of Mercury), at 
full load, the pressure stops increasing at 2500RPM, which may be low, but for a small, efficient 
car, could be a practical RPM range for everyday driving. 

If this pressure stops increasing, naturally, the simple power equation can show that even the 
increasing RPM can’t counteract this. 

For example, taking the engine specifications and using the equation, converting inHg to Pascal 
(3386.39inHg), Bore and Stroke to metres, Bore diameter to Area (𝜋𝜋 𝐷𝐷2

2
), the power can be seen 

to peak at 2500RPM and fluctuate a little before dropping at 6000RPM. 

Stroke – 82mm  Bore – 71.9mm   N – 3  

RPM 1000 1500 2000 2500 3000 4000 5000 6000 6500 
POWER 123 169 225 228 228 219 227 213 184 

PRESSURE 36.4 50 66.4 67.4 67.3 64.8 67.2 62.9 54.3 
This simple calculation shows the effect pressure can have on output power, even if the RPM 
value is increasing. Knowing that manifold pressure stops increasing, the volume of the 



manifold may not be efficient at allowing more air into the cylinder, though disproved by the 
airmass map, the airmass does  

 

Figure 8 - Sigma PMEP v RPM 

 

Figure 9 - Sigma PMEP v RPM 

Work Done 
There is a higher work produced by the Fox engine, however unlike Sigma, it doesn’t suffer 
excessive pumping losses. Compression ratio 10, sigma CR is 11.16. Higher CR gives greater 
fuel efficiency and non-boosted response (Bell, 1997). 

Logarithmic PV diagrams 
Logarithmic PV diagrams show where the pressure and volume change exponentially, and 
therefore can indicate where combustion occurs. 
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The fluctuations in the pumping loop is likely due to the intake pressure variance resulting from 
the compressor, and a varying exhaust back pressure resulting from resistance from turbine in 
exhaust, so they cross over when one of these pressures become higher or lower than the 
another. 

These fluctuations don’t exist so prominently in the Fox engine as the air is forced in via a 
compressor, and any pulses from variance in atmospheric pressure on intake are over-ridden by 
the compressor. 

The higher RPM graphs reveal the ignition delay on the Fox engine, which decreases with 
increasing RPM to prevent danger of knock. The Sigma, being naturally aspirated, does not 
have this danger, and this is evident from the lack of ignition delay on the map. 

The pumping loop on the Fox engine shows the exhaust pressure becoming higher than the 
intake pressure at 3500RPM. This is an indicator of which RPM the back-pressure becomes 
higher than the intake pressure at full load. The Sigma engine has the same trend at higher 
RPMs, likely because the speed creates a more effective intake pump at higher speeds. 

Polytropic Index & Mass Fraction Burned 
The polytropic index was calculated from a guess at where the log PV compression and 
expansion lines stopped being linear, and therefore may not be completely accurate. 

The MFB was calculated using two methods, one assumed to be more accurate - 𝑀𝑀𝑀𝑀𝑀𝑀 = ΣΔ𝜌𝜌
ΣΔ𝜌𝜌

=
Σ𝑆𝑆𝑆𝑆𝑆𝑆→𝜃𝜃

Σ𝑆𝑆𝑆𝑆𝑆𝑆→𝐸𝐸𝐸𝐸𝐸𝐸
 which calculates it using the change in pressure from combustion alone, and 𝑀𝑀𝑀𝑀𝑀𝑀 =

Σ𝑉𝑉2Δ𝜌𝜌
Σ𝑉𝑉2Δ𝜌𝜌

= Σ𝑆𝑆𝑆𝑆𝑆𝑆→𝜃𝜃
Σ𝑆𝑆𝑆𝑆𝑆𝑆→𝐸𝐸𝐸𝐸𝐸𝐸

 which accounts for the changing volume, as it seemed obvious that the moving 
piston, hence changing volume, would interfere with the pressure. 

There is a change in the results, particularly mid-combustion where the MFB in the Fox engine 
becomes slower with increasing RPM. The Sigma engine has fluctuations but can be seen to be 
generally larger at high RPM than low RPM but not by a significant amount. 

The burn duration is longer on the Fox engine than it is for the Sigma engine likely due to the 
additional mass to burn in the engine and different CR. 

Turbo-charger Project 

Polynomial Equations for Enthalpy 

The enthalpy values at the temperatures in the map were required, but a polynomial equation 

had to be used to find the desired temperature value for the enthalpy of each product as the 

data does not have all the temperature values. 

When the tables to find the kWs of power down the exhaust were created, the higher RPM 

values were excessively high considering that, on average, 33% of the fuel power ends up as 

losses down the exhaust. 



As well as this, fellow student, J. Creswell, conducted a similar study using the same Ford Fox 

data and the comparison between the results was noticeably different, with the smaller order 

polynomials resulting in much smaller energy losses. 

Re-evaluating the process, the only obvious issue was that the polynomial equations were 

created to a lesser order than Excel offers. Although it seemed insignificant, once changed, the 

values corrected themselves and proved that the decimal places and the order of a polynomial 

equation can increase accuracy vastly. 

This influenced the creation of the polynomials for the flowbench testing later in the project, 

where flow values at different lift openings were required, and these were also created with 

higher accuracy. 

Power Losses 

The amount of fuel power wasted down the exhaust is evident considering the output power of 

the engine and the losses calculated. 

 

Figure 10 - Data (2) kW lost through exhaust 

The power lost down the exhaust improves dramatically when calculated using the real total 

mass through the turbine. 



 

Figure 11 - Correct total mass - kW lost through exhaust 

Knowing that the engine has 92kW output power, and approximately a third of the fuel power is 

wasted down the exhaust, the fuel power can be assumed to be 276kW. The real total mass 

passing through the turbine sees the greatest difference from the incorrect mass at higher load 

and RPM, which is intuitive as the largest amount bypassing the turbine occurs at these values, 

and when less by-passes the turbine, the total masses are similar. 

 

 

Flowbench Test 

When using the Wastegate Position map from the data sheets, the first batch of data had to be 

used only as the data contained in the second file contained negative values. Of the maps 

within the first batch of data, the first map for waste gate position (WG_POS mm) was used as it 

was not rounded up, and is therefore more accurate. A polynomial equation created from the 

flowbench testing is used to locate the flow at these values. 

 



Combining Flowbench Data 

The validity of the data must be questioned as, although the test was completed twice, though 

not ideal, both tests produced maximum lift values of over 16mm. The Ford data does not show 

lift values above 12mm, which raises the question of whether the flowbench data is correct. 

Possible scenarios are that the mechanical method used to open the wastegate valve opened 

further than the turbocharger sees in use, and therefore the values are correct, but data 

recorded above 12mm lift is not applicable to this study. 

Additionally, it is not known how Ford measured the lift – whether it be from the actuators linear 

movement, or if it was somehow taken from a point between the wage gate valve and the port 

opening. 

When determining the flow at each load point on the map, the values on the wastegate position 

map were used, and therefore, flowrates above 12mm opening were neglected. 

 

Mass Percentage through Wastegate 

 

Figure 12 - Data (2) wastegate position 

Looking at the Ford Data (2) map for wastegate position, the red region shows where the 

highest lift occurs, and hence where the largest percentage of exhaust gases dispelled through 

the wastegate would be expected to occur. 



 

Figure 13 - Data (2) flowrate (l/s) 

The flowrate calculated for the lift values reflects this – the highest flowrate through the 

wastegate occurs at the highest lift regions, as expected, and it would seem appropriate for the 

percentage of mass through the turbine to follow this pattern. 

 

Figure 14 - Data (2) Percentage Gas bypassing turbine 

This is not the case when looking at the calculated map showing the percentage of mass 

bypassing the turbine. The most gas bypasses the turbine at higher load and RPM, mimicking 

the transfer efficiency map. 

This might actually be due to the size of the turbo-charger. Knowing that it is an especially small 

turbo-charger with the benefit of packaging and having a quicker response at the expected 

region of use, it is hence known that a smaller turbo has a more restrictive port entry to the 



turbine, forcing the exhaust gases through it and spinning the turbine at higher speeds. This 

smaller area also means that there is a potential for ‘choke’, and an increase in back-pressure. 

This concept can be imagined using the conservation of energy principle, as Bernoulli’s 

equations states that a fluid flowing through a pipe has the energy 𝑃𝑃 + 1
2
𝜌𝜌𝑣𝑣2 + 𝜌𝜌𝜌𝜌ℎ and this is 

equal to the fluid flowing out if there is nothing to impart energy onto (like a turbine). The 

pressure decreases and is compensated by an increase in velocity, so energy is not lost, it just 

transfers from pressure energy to kinetic energy. 

Hitting a turbine wheel after gaining velocity imparts this energy onto the wheel, however, the 

blockage slows the fluid down and prevents it from leaving the system at the rate it would have 

without the blockage. 

This fluid still contains energy but must stay in the system longer than it normally would – the 

energy in the system is converted back into pressure, and the energy (pressure) in the system 

increases as a result of not leaving at the rate that it is entering. 

As molecules like to move from an area of high concentration to a higher one, the exhaust 

gases being expelled from the cylinder are less likely to be inclined to leave as rapidly with this 

increase of fluid in the system. Left over exhaust gases in the system waste space for fresh air 

and fuel mixture, and so power and efficiency are affected. 

This choke is known to affect the power in the upper third of RPM range, or in the case of the 

Fox engine – the top half as seen in the GMEP data. This can be altered with a different A/R 

ratio, A being the area of a point along the scroll, and R being the distance from the centre of 

this area to the centre of the turbine shaft – this ratio is constant for any point along the scroll. 

The smaller the ratio, the smaller the area which will be hit by the exhaust gases, and the 

greater pressure is applied to the turbine. (Bell, 1997). 

This can be imagined easier considering pressure is 𝑁𝑁
𝑚𝑚2 and the area is the denominator, 

therefore, a smaller area yields a higher number (pressure), and the force remains the same as 

Bernoullis equation shows that the force does not change, it simply transforms its energy type. 

Due to the consideration of choking occurring down the turbo scroll, and higher pressures and 

speeds, it might be possible that the percentage of flow bypassing the turbine is just the result of 

the backed-up gases desperately fighting to move to the area of lower concentration, and 

escaping through the wastegate effectively. 



There is always a possibility of calculation errors or human errors. 

 

Figure 15 - Transfer Efficiency (Data (2)) 

Transfer efficiencies increase at higher load and RPM, represented on the map by red colour-

fill. Theoretically, this can be affected by the efficiency of the compressor, as mathematically, 

the compressor power is the numerator in transfer efficiency, the better the power gain, the 

better the efficiency. 

 

Figure 16 - Compressor Efficiency (Data (2)) 

As seen in the compressor efficiency map Figure 16 - Compressor Efficiency (Data (2)), although 

containing obvious anomalies caused by incorrect excel formulas, the performance of the 



compressor does not fluctuate, it simply rises with throttle demand, and as such is not likely to 

influence the efficiency outside of this. 

When the power (kWs) passing through the turbine increases at a rate above that of the 

compressor, the denominator increases, decreasing the transfer efficiency. 

The turbine power is affected by the total mass, which was not incorporated until a later date 

when it could be attained using the flowbench testing. 

 

Figure 17 - Transfer Efficiency Correct total mass (Data (2)) 

Re-calculating the transfer efficiency using the true mass, the efficiencies are seen to increase, 

however, the trend of the efficiencies does not change vastly.  

It is understood that a turbo-charger can increase the pressure in the inlet manifold by re-cycling 

the energy in the exhaust and using this energy to spin the compressor, which draws in the 

atmospheric air, and increases the pressure, and inevitably the temperature. 

This larger quantity of air drawn in allows more fuel to be burned, and hence allows more power 

at the expense of a higher fuel consumption. This may explain why the wastegate is at its 

maximum opening surrounding the drive-cycle region, as the engine was designed with a view 

to being economical and eco-friendly. 

Lower load points are also likely to see pumping losses, which increase with the presence of a 

turbine blocking the path of the gases. 

 



 

 



Discussion and Conclusions 

The project, although insightful and vast, would have benefitted from time management and 
scheduling to allow all work to be completed and analysed thoroughly. 

What can be seen is that the engine, although turbo-charged, does not have a noticeable 
performance advantage compared to other vehicles, but has been designed to offer a 
responsive car that is economical and intended for city driving and low speeds. 

The results have to be considered lightly due to human errors and errors that occurred during 
the extensive calculations throughout the spreadsheets they were created on, but do provide an 
overview of characteristics they portray. 

 



Recommended further work 

 

Further work would include testing the effect of wastegate valve by using values above 12mm, 

making the flowbench minimum and maximum lifts proportional to the values in the Ford data. 

Conducting the same experiment for a performance vehicle and analysing the wastegate lift 

mapping with a view to comparing it to the Fox. 

Mapping IMEP to compare it to the wastegate opening/flow maps and percentage of flow 

bypassing the turbine maps to see if there is an obvious correlation perhaps relating to choke. 

Studying available energy recovery mechanisms and deciding what would be suitable for the 

Fox engine. 

Completing unfinished work to gain a thorough overview of the engine, its performance, and 

how the various results interact with each other. 
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Appendix 

Equations, Derivations, Basic Knowledge 

P-V Diagrams 

 

PV diagrams are used to view the efficiency of an engine, however ‘Ideal' diagrams are 
impossible to achieve as they represent an adiabatic cycle with no heat losses, instantaneous 
combustion and expelling of the exhaust gases, and no pumping losses. 

 



They provide insight on where prominent losses occur, as the area of the ideal diagram (power 
loop) is the maximum (theoretical) work done, and the area between this and the real engine 
power loop (GMEP) represents where losses are occurring. The pumping loop losses (PMEP) 
are additional to the total losses (NMEP) as the ‘ideal’ cycle is a closed system, neglecting this 
loop. 

 

Work Done 

To find the instantaneous work done (WD) at a certain point, the following equation can be 
manipulated, and by multiplying by a change in volume, and summing up the values, the WD 
over a cycle can be found. 

 

 

 

Mean Effective Pressures 

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑁𝑁 ×
∆𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁

𝑉𝑉𝑑𝑑
 



𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑁𝑁 ×
∆𝑊𝑊1+4

𝑉𝑉𝑑𝑑
 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑁𝑁 ×
∆𝑊𝑊2+3

𝑉𝑉𝑑𝑑
 

Engine Knock & Detonation 
Unburned fuel causes danger of detonation due to slow flame propagation and high 
temperatures and pressures, this is especially an issue in turbo due to higher pressures. 

Retarding ignition in earlier RPMs, where flame speed is slower, allows for safety limits. Flame 
speed increases with longer compression strokes and turbulence in air velocity, which 
encourages flame movement, hence increases with RPM. 

Increasing ignition advance before maximum torque time increases negative work, reducing 
efficiency. Retarding ignition reduces negative work, but burns after TDC - losing useful 
pressure. 

Fuel chemistry allowing quicker burning -shorter MFB- less burn volume, allows less negative 
work before TDC, which creates highest achievable useful pressure on downstroke IF ignition is 
near TDC (Gasson).  

Polytropic Index Values & Pressure rise due to Combustion 
 

𝑛𝑛 =
𝜌𝜌2 − 𝜌𝜌1
𝑉𝑉1 − 𝑉𝑉2

 

𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆/𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐴𝐴𝐴𝐴𝐴𝐴 𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆/𝐸𝐸𝐸𝐸𝐸𝐸 

Pressure achieved through ONLY the piston motion (per degree): 

𝜌𝜌2𝑛𝑛 = 𝜌𝜌1 �
𝑉𝑉1
𝑉𝑉2
�
𝑛𝑛
 

Pressure from combustion alone. Will rise and fall during start and end of combustion: 

Δ𝜌𝜌 = 𝑃𝑃2 − 𝑃𝑃2𝑛𝑛 

 

Final Project 

Conversions & Units 

Data provides fuel mass in kg/hr and the Air/Fuel ratio. 

To attain air mass and total mass: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑘𝑘𝑘𝑘
𝑠𝑠
� = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (

𝑘𝑘𝑘𝑘
ℎ𝑟𝑟

) ÷ 3600 

𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑘𝑘𝑘𝑘
𝑠𝑠
� = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (

𝑘𝑘𝑘𝑘
𝑠𝑠

) × 𝐴𝐴/𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 



𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �
𝑘𝑘𝑘𝑘
𝑠𝑠
� + 𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (

𝑘𝑘𝑘𝑘
𝑠𝑠

) 

Temperatures must be converted into Kelvin from °C: 

1°C = 274 K 

LAMBDA (λ) maps can be used to calculate a Fuel Equivalence Ratio (FER) map: 

𝐹𝐹𝐹𝐹𝐹𝐹 𝜙𝜙 =
1
𝜆𝜆
 

The energy difference (gain or loss) is a subtraction of the two regions: 

∆ℎ𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔(
𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
) = ℎ1 − ℎ2(

𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

) 

To find the amount of energy lost every second: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑔𝑔𝑦𝑦 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑘𝑘 = �
∆ℎ𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑔𝑔𝑔𝑔𝑔𝑔

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
� ∙ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

𝑘𝑘𝑘𝑘 = �
𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
÷

𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚

� ∙
𝑘𝑘𝑘𝑘
𝑠𝑠

 

𝑘𝑘𝑘𝑘 = �
𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
×
𝑚𝑚𝑚𝑚𝑚𝑚
𝑔𝑔
� ∙
𝑘𝑘𝑘𝑘
𝑠𝑠

 

𝑚𝑚𝑚𝑚𝑚𝑚
𝑔𝑔

 
× 10−3

=
× 103

 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘

 

𝑘𝑘𝑘𝑘 =  
𝑘𝑘𝑘𝑘
𝑠𝑠

 

The transfer efficiency from the turbocharger to the compressor is simply: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑘𝑘𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
× 100 

Which originates from the efficiency equation used in thermodynamics: 

𝜂𝜂 =
𝑤𝑤
𝐽𝐽𝐽𝐽′

 

The flowbench data was converted into l/s of flow, and Cubic Feet per Minute of flow, range 

conversions can be found in the appendix: 



𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑙𝑙/𝑠𝑠) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(%) × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑙𝑙/𝑠𝑠) ÷ 0.472857 

7 (𝐶𝐶𝐶𝐶𝐶𝐶) ÷ 3.31 (𝑙𝑙/𝑠𝑠) = 0.472857 

𝐶𝐶𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠⁄ . 𝑖𝑖𝑖𝑖𝑖𝑖ℎ =
𝐶𝐶𝐶𝐶𝐶𝐶

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑖𝑖𝑖𝑖)
  

𝐶𝐶𝑓𝑓 =
𝐶𝐶𝐶𝐶𝐶𝐶

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑃𝑃 +
1
2
∙ 𝜌𝜌 ∙ 𝑣𝑣2 

Polynomials & Enthalpies 

The enthalpy values were typed into Excel from JANAF tables provided in lectures, and 

therefore may contain human errors. This data was used to create the trendline and polynomial 

equations for each product to fit their corresponding lines. 

These polynomial equations are multiplied by the temperature at each point to create maps for 

every product at every region. In the case of 𝑂𝑂2 and CO and the stoichiometric points in the 

map, 𝑂𝑂2 is only created at lean points where there is excess air (LAMBDA over 1), and CO will 

only be created at rich points where over-fueling occurs (LAMBDA less than 1). Stoichiometric 

points, LAMBDA 1, do not create CO or 𝑂𝑂2. 

The enthalpy at a given temperature, for each molecule must be multiplied by the number of 

molecules it will form at the given LAMBDA value. These values are calculated by knowing how 

many atoms of each element of a fuel and air are available as reactants, and allocating these 

numbers to form the known products – CO2, H2O, N2, and possibly O2 and CO dependent on 

LAMBDA. 

Energy Lost through exhaust 

The formulas used to find the energy in Watts down the exhaust originate from the first laws of 

thermodynamics where: 

𝐸𝐸2 − 𝐸𝐸1 = 𝑄𝑄 −𝑊𝑊 

Dividing by a unit of time provides a rate, and multiplying the unit of mass by the change in 

internal energy provides a specific internal energy per unit mass: 



𝑚̇𝑚 =
Δ(𝑚𝑚𝑚𝑚)
Δ𝑡𝑡

= 𝑊̇𝑊 + 𝑄𝑄 

𝑄𝑄 = (𝐻𝐻2 − 𝐻𝐻1) 

ℎ (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) =
𝐻𝐻

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
 

𝑊̇𝑊 =  𝑚̇𝑚(ℎ𝑖𝑖𝑖𝑖 − ℎ𝑜𝑜𝑜𝑜𝑜𝑜) 

Flowbench conversions 

To convert the pressure difference across the turbocharger from 25” of water as when tested to 

pascals, it is known that  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 (𝑁𝑁) =  ℎ𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑚𝑚3

1
×
𝑘𝑘𝑘𝑘
𝑚𝑚3 ×

𝑚𝑚
𝑠𝑠2

 

h – height of water A – area of water ρ – density of water g – gravity (m/s2) 

As the weight is the volume multiplied by the mass, the pressure at the bottom of the water can 

be attained through dividing by the cross-sectional area: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (𝑃𝑃𝑃𝑃) =
ℎ𝐴𝐴𝜌𝜌𝜌𝜌
𝐴𝐴

= ℎ𝜌𝜌𝜌𝜌 =
𝑘𝑘𝑘𝑘
1

×
𝑚𝑚
𝑠𝑠2

×
1
𝑚𝑚2 =

𝑘𝑘𝑘𝑘
𝑚𝑚 ∙ 𝑠𝑠2

 

Which cancels out to leave the pressure in pascal. 

To calculate the pressure at a difference of 25 inches of water, simultaneously converting 

inches to metres, finally: 

1 𝐼𝐼𝐼𝐼𝐼𝐼ℎ = 25.4𝑚𝑚𝑚𝑚 

𝑃𝑃 @ 25" 𝐻𝐻2𝑂𝑂 (𝑃𝑃𝑃𝑃) =  
25 × 25.4

1000
∙ 1000 ∙ 9.81 = 6229 

The pressure difference affects the flowrate, therefore the flowrate at the pressure difference 

recorded in the Ford data has to equate to the flowrate recorded at 25” of water using: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎 ∆𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑙𝑙/𝑠𝑠) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹@ 25" × �𝑃𝑃1 − 𝑃𝑃2
6229

 



Mass per Second through Wastegate 

Assume that the lift and the flowrate coming through the wastegate are known across the map, 

as are the pressures and temperatures before and after the turbine, and the total mass through 

the exhaust. 

To find the mass going through the wastegate at each load point, the density in and out of the 

turbine must be calculated. First, considering the ideal gas law which relates pressure, 

temperature, and the volume of a gas, the specific gas constant R can be found using: 

𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚𝑚𝑚  

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑈𝑈 (𝐽𝐽/𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾) = 8314 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐺𝐺𝐺𝐺𝐺𝐺 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅 (𝐽𝐽/(𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾)) =  
𝑅𝑅𝑈𝑈

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
 

𝑅𝑅 =  
𝐽𝐽

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾
×
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘

 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
 

𝑊𝑊𝑊𝑊 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

×
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

1
 

𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 1𝑘𝑘𝑘𝑘  (𝐽𝐽/(𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾) =
𝑅𝑅𝑈𝑈

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
  

Density can then be attained as rearranging the ideal gas law produces the definition of density: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝜌𝜌 (𝑘𝑘𝑘𝑘/𝑚𝑚^3 ) =  
𝑚𝑚
𝑣𝑣

=
𝑃𝑃
𝑅𝑅𝑅𝑅

 

Finally, to convert the litres per second of flow through the wastegate into mass per second 

(kg/s), the flowrate is converted to m3 per second and multiplied by the average density through 

the turbo: 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑊𝑊𝑊𝑊(𝑘𝑘𝑔𝑔/𝑠𝑠) =  
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

1000
× 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 

Naturally, the percentage is: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ 𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑊𝑊 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠

× 100 
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