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[bookmark: _Toc30358115]Abstract
The task is to create a simulation of a Ford Sigma 1.6L engine to compare against Ford’s own data. 
Chapter 2 is studying Ford’s data and producing useful data from the information.
Chapter 3 is producing a simulation data and graphs.
Chapter 4 is comparing the data and chapter 5 is concluding. 
I have emailed the excel spreadsheets for a closer look.
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1. [bookmark: _Toc30358117]Introduction
Internal Combustion Engines operate by thermodynamics. From the geometry of a specific engine and some knowledge of the environment. Predictions and therefore a simulation can be made of an internal combustion engine. 

2. [bookmark: _Toc30358118]Ford Sigma Data
Spreadsheet data was provided of the 1.6L 4 cylinder Ford Sigma engine. This engine has bore 0.079m, stroke 0.0814m, conrod length 0.137m and a compression ratio of 11.16. Data was provided at every 500 rpm from 1000rpm to 6500rpm. Crank angle, volume and cylinder pressure were the main figures given. But also average figures were given like Mass Fuel Burnt for example.
From this data the aim is to plot graphs to understand the engine and therefore make judgements of the performance of the engine. 
2.1. [bookmark: _Toc30358119]Graphs 
The First graph I plotted from the data was Volume/ Crank Angle. This graph is near sinusoidal however, due to the geometry of rank radius and the connecting rod the graph is steeper therefore accelerates quicker than sinusoidal. We can see the peaks of the graph show bottom dead centre whilst the troughs of the graph show top dead centre. Figure 2.1.1. Shows Volume/ Crank	[image: ]





The second graph was I plotted was Pressure/ Crank angle. I not only plotted the average pressure but pressure from each cylinder so outliers can be observed. At 6500 RPM an outlier was observed when one cylinder did not read full pressure but instead 55 bar. If this were accurate to pressures in a cylinder that would be a significant performance loss. Figure 2.1.2. Shows Pressure/ Crank [image: ]




Next graph I thought useful was Change of Pressure/ Crank angle. This dramatic shaped graph shows dramatically TDC and also roughly the beginning and end of combustion. Overall the graph has a shape matching my predictions. Figure 2.1.3. Shows Change in pressure/ Crank [image: ]


Then I plotted Pressure against Volume. The graph produced had the perfect P/V shape showing compression and the power stroke. It also shows the exhaust stoke and combustion. Peak pressure is clearly seen just after TDC. Figure 2.1.4. Shows Pressure/ Volume [image: ]

I then plotted the logarithm of Pressure against Crank angle producing a similar if less steep graph compared to Pressure against Crank. Using Log Pressure I could plot Log P against Volume to produce not a very visual graph but one vital for curve fitting. There are two long straight lines on the graph which are the exponential lines on the P/V graph. The gradient of the straight lines are the Polynomials in the exponential lines. This value is incredibly useful as it is the value of combustion and informs if the combustion is adiabatic or isothermal. PVn = Constant.Figure 2.1.5. Shows Log Pressure/ Volume[image: ]


Next graph I plotted is polytropic/ Crank angle. The polytropic is calculated by rearranging 
P1V1n = P1V1n for ‘n’. The graph shows 3 defined spikes but the most important is the centre one, so I shortened the axis to focus on the centre peak. The graph is constant at roughly 1.3 but at combustion exponentially increases and then decreases before returning to the constant 1.3. The constant value is most valuable as this is ‘n’ the exponential in combustion. Figure 2.1.6. Shows Polytropic/ Crank [image: ]


The next graph I plotted is the Mass Fuel Burnt against Crank angle. MFB is the percentage of fuel burnt and the crank angle at which that occurs. I plotted not only average MFB but also MFB per cylinder and generally each cylinder has a similar trend and produces the Wiebe shape. Figure 2.1.7. Shows MFB/ Crank [image: ]


Following MFB, I could do some calculations to compare to the first principles simulation. I calculated Burn rate for the MFB values which is simply the change in MFB but from this I calculated Heat released. This is calculated by the mass of fuel multiplied by burn rate by calorific value of the fuel.

Following heat released I also calculated work done which is the pressure multiplied by the change in volume. This graph matched my expectation with the negative work as combustion began before TDC therefore worked in the wrong direction, but as peak combustion is after TDC more work is in the correct direction. Figure 2.1.8. Shows work done/ Crank [image: ]

I calculated temperature as change in pressure multiplied by volume divided by mass of air and fuel multiplied by ideal gas constant. The graph of temperature against crank angle had a lot of noise but the overall trend matched my expectation peaking just after TDC at peak combustion. Max temperature was roughly 2400⁰C. This can be compared with first principles simulation data. 


2.2. [bookmark: _Toc30358120]Average across the sweep.Figure 2.1.9. Shows Temperature/ Crank [image: ]

After all this data had been created for the first engine speed it had to be recreated for the full sweep. I could then calculate further averages. 
The most important of these averages is the average ‘n’ across the sweep. Using Polytropic ‘n’ I calculated no trend across the rev range. I calculated a mean average of 1.282857. This value is a bit lower than I was predicting I was expecting a value closer to 1.4 at 6500Rpm and it to decrease to roughly 1.28 at 1000RPM. 


3. [bookmark: _Toc30358121]Simulation data.
To create the data, I needed to set initial variables to match the Sigma engine. I specified 4 cylinder, the bore, stroke, compression ratio and connecting rod length. From here I created a column of Crank angle from -360° to 360°. 
3.1. [bookmark: _Toc30358122]Simulation Calculations
My first calculation was Swept Volume. This is the area of the cylinder multiplied by stroke. Following this, I calculated the clearance volume. This is simply the swept volume divided by the compression ratio – 1. 
Next, I converted Crank angle from degrees to radians for calculations. This meant I could complete the geometry to calculate the change in height per degree. Change in height isn’t all that useful in its self as it is simply the geometry of the crank shaft and the con rod but it proved vital to calculate the volume. Volume is clearance volume in addition to change in height multiplied to the area of the cylinder. I converted volume from cubic metres to cubic centimetres to match the ford data units. This was my first major comparison against the Ford data. I also plotted a graph to observe the data to see if it was correct around the crank. 
Following volume, I could calculate the compression pressure without combustion using geometry and assuming a perfect seal. Using P1V1 = P2V2 I could rearrange to see increase in pressure and I plotted a graph to observe the shape and check the formula. 
With compressed air and a volume change a temperature change can also be expected. I calculated temperature using pressure * volume / temperature = constant. I rearranged and completed this for every degree so I could plot a graph and observe the data. 
Also with Pressure and volume I plotted a Pressure against volume graph without combustion and it followed the shape I imagined. There is a flat horizontal line of the exhaust intake stroke. Then an exponential curve of the compression stroke. 
The next step was critical. I can calculate the constants ‘a’ and ‘m’ in the Wiebe function. To find these values I used the MFB data from the Ford sheet and the crank angle at which they occurred. I entered this into Matlab Curve fitting tool with the equation and it returned the values of a and m as 5.014 and 2.266. I then plotted the equation on a graph of MFB against Crank angle and also compared my curve with the Ford MFB data and it was a near perfect fit. [image: ]
Figure 3.1.1. Data from MATLAB curve fit. 

Burn rate is simply the change in Wiebe per degree. I plotted the data against crank angle, but it is more important for the calculation of heat released and therefore combustion pressure. 
I calculated heat released by multiplying mass of fuel by calorific value of fuel multiplied by combustion efficiency. I then plotted heat released against crank angle to see the shape of the graph and it matched my prediction and is similar to that of combustion pressure with the Ford data.
Following heat released, I was able to calculate the most important of them all, Combustion Pressure. With combustion pressure I can then calculate temperature and even torque and power. I calculated combustion pressure by multiplying change in volume by the previous pressure. This is to the power of the average polytropic of 1.28. Added to this value is heat released over volume. I plotted this data on the same axis as non-combustion pressure to observe the difference. The shape and value matched my prediction. 
With combustion pressure and volume, I plotted the combustion pressure/ volume graph and it had a perfect shape until 270°. The Compression and power stroke are visualised in perfect exponential curves and combustion is observed as a near vertical line. The exhaust and intake strokes are also included but these do not include frictional losses so are perfect horizontal lines. 
With pressure I can now calculate work done by combustion. This is simply combustion pressure in pascal multiplied by the change in volume. I plotted this graph against crank angle and observed an interesting shape. Overall the graph has a shape I would expect however because combustion starts before TDC work is in the negative direction against the crank. However, this is less work than that at full combustion at roughly 30°. At TDC work begins in the positive direction to the peak at 30° where it tails back down to 0j at the end of the power stroke. 
The next column is combustion temperature. This calculation took a lot of tweaking to get right as I can generating impossibly large temperatures. My calculation is change in pressure multiplied by change in volume divided by mass of air and fuel multiplied by the ideal gas constant. I plotted the values against crank angle and the graph has the correct shape with peak temperature at 30°. Peak temperature was just over 2000°C. Also on the graph is the non-combustion temperature but this is nearly negligible in comparison to combustion.
To start considering torque I calculated force on the piston using combustion pressure multiplied by the area of the piston. This graph matched that shape of combustion pressure .
Power per cylinder was my next calculation. This is simply the work done divided by time per degree. I then multiplied this by the number of cylinders to find total power. Peak power in the revolution of the engine was 113KW at 28°. The graph had a similar shape to that of work done. 
Torque was simple to calculate as torque = Power/ engine speed. Therefore, I created a column of torque and plotted a graph of torque against crank angle. The shape of the graph match that of work done. 


3.2. [bookmark: _Toc30358123]The spreadsheet and graphs[image: ]
Figure 3.2.1 shows the format of my spreadsheet with variable on the left. Then columns running down the sheet with values per degree. The bottom left of the figure shows the MFB from the ford data which has been represented in the graphs section of the sheet. 

[image: ]
Figure 3.2.2. Shows my graphs from the simulation data. This figure shows the shapes of the graphs and how the data developed to findings like combustion pressure and power.


4. [bookmark: _Toc30358124]Comparing
4.1. [bookmark: _Toc30358125]Volume
My first principles data has volume that ranges from 39.27cc to438.27cc this matches that of Fords data. Volume is the bases for the majority of calculations so having this data correct is very important. 
4.2. [bookmark: _Toc30358126]Mass Fuel Burnt/ Wiebe Function
Comparing MFB from the Ford data to Wiebe is difficult as the Wiebe numbers are based of Ford’s MFB using the curve fitting tool. Therefore, looking at MFB average against Wiebe they are nearly identical. Therefore, calculations after combustion should be similar between the Ford data and the simulation. 
4.3. [bookmark: _Toc30358127]Combustion pressure
Ford’s pressure peaks at 67bar which is reasonable for a naturally aspirated mass-produced engine. My simulation data calculated a peak pressure of 49bar which is less than Fords data. Less pressure means less power, so my simulation isn’t completely accurate to Ford’s data. This drop in pressure could be related to intake pressure and mass of air in the cylinder in Ford’s tests. 
4.4. [bookmark: _Toc30358128]Work Done
The shape of graph for work done is nearly identical between the Ford data and my simulation data. The graph is constant until the compression stroke where work is negative as it is in the wrong direction, but then peak work is at 28°so majority of work is on the power stroke. 
4.5. [bookmark: _Toc30358129]Pressure/ Volume
Both Pressure Volume graphs had the visible strokes of intake, compressions, power and exhaust. Ford’s data considered frictional losses in the intake and exhaust stroke which is observed in the small curve of these strokes. However, my simulation data is a horizontal line as pressure is assumed to be atmospheric and no frictional losses have been accounted for. 
4.6. [bookmark: _Toc30358130]Combustion temperature
Temperature between Ford’s data and my simulation data is very similar with peak at 2400°C for Ford and I calculated 2200°C. The shape of the graphs are identical with a peak at roughly 30° crank angle where it sharply drops to -500°C this is unrealistic and is related to the sharp pressure drop of the increasing volume of the power stroke and the valves opening where pressure returns to atmospheric. 
4.7. [bookmark: _Toc30358131]Power
Using my simulation data, I calculated power of the combustion. I calculated peak power as 113KW. Ford claims with varying tune on the Sigma engine series, power can range from 55KW to 114KW.


5. [bookmark: _Toc30358132]Conclusion
As my simulation data has been based on ideal assumptions, variation was expected from the Ford data. I assumed air was an ideal gas to find the temperature this did reflect in the values with Ford’s measured results. 
Overall, using first principles and geometry the simulation did match closely to Ford’s results considering I have constant Lambda, atmospheric pressure of 1.013 Bar and room temperature 20°C all these variables differ to the Ford data. 
Considering my final power value is within the Sigma engine production values, I believe my simulation data is on the correct track. 
To improve the data after the comparisons, I would look further into frictional losses and real cylinder pressures during the intake stroke to calculate the correct mass of air in the cylinder. This would affect the volume of fuel in the cylinder which would affect power and torque generated. 
To improve the data given from the simulation I would also investigate a power sweep for the simulation and produce a power and torque graph against engine speed. This graph could then be compared to that of an engine dyno graph which is far more common than a graph of the power of an engine in a revolution.
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