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Introduction
In this assignment I will be displaying data and my understanding of engine performance characteristics of a four valve cylinder head and valvetrain analysis though its combustion cycle on a Ford Duratec 2L. This will be show with manual workshop measurements, flow bench testing and kinematic modelling using excel. The assignment will be structured in two parts, Part 1 is focusing on the cylinder head geometry, piston motion, valvetrain dynamics and the risk of mechanical fault during valve float during the lift. Camshaft lobe profiles will be analysed to drive valve lift, velocity, acceleration, and jerk and various engine speeds. Part 2 is investigating the gas flow Properties and behaviours of intake and exhaust sports using flow bench data then integrating this with valve timing to display an estimate of potential performance and opportunities to improve. By including valvetrain kinematics from Part 1 with flow data the analysis will map breathing efficiency across the engine cycle to identify conditions for peak for your metric efficiency and then the recommended camshafts optimisations.
Fundamental concepts of thermodynamics will be investigated, gas exchange and valve dynamics to better display the data I have collected and how it could be improved and to demonstrate hoe targeted design changes can improve performance.

Part one: Cylinder head and valvetrain analysis
	Parameter
	Symbol
	Your Value
	Unit
	Notes

	Cylinder bore
	B
	87.5
	mm
	Measured with callipers

	Stroke
	S
	83.1
	mm
	Measured with callipers

	Connecting rod length
	L
	146.25
	mm
	Measured with callipers

	Compression ratio
	CR
	V1/(V1-V2)
	–
	Calculate from swept + clearance volumes

	Intake valve diameter
	D_i
	28.8
	mm
	From SF110 test sheet

	Exhaust valve diameter
	D_e
	24.5
	.
	From SF110 test sheet

	Intake valve seat angle
	θ_i
	25
	.
	From SF110 test sheet


Component characteristics and Engine Geometry.
This table summarises the fundamental geometric and design characteristics of the cylinder head valvetrain assembly. These values apply to both part one and part two of the kinematic modelling.
· Bore and stroke, define engine size and affect piston speed and power. The larger bore normally translates to higher rpm and performance.
· The compression ratio is determined by analysing volumes, which helps assess efficiency and combustion.
· Valve Diameters: These control the airflow in both the intake and exhaust areas around the cylinder, directly affecting the volumetric flow rate.
· Intake valve seat angle, (25 degrees) influencing airflow direction and mixture of quality.


Table 2 – Valvetrain Component Masses (Per Valve) 


Table 3 – Measurement Accuracy and Error Analysis
	Component
	Intake (g)
	Exhaust 
	Notes

	Valve head
	47
	41
	Measured on digital balance (±0.5 g)

	Collet (pair)
	9.2
	9.2
	Shared measurement from file

	Outer Spring
	17.5*
	17.5*
	Effective mass = 50% of full spring (shared 2 valves)

	Retainer
	9
	9
	Measured weight

	Total effective moving mass per valve
	92 g
	86 g
	Used for valve float calculations


	Instrument
	Resolution
	Used for
	Potential error sources

	Vernier callipers
	±0.05 mm
	Bore, stroke, valve diameter
	Parallax error, measurement pressure, temperature

	Micrometre
	±0.01 mm
	Precise dimensions
	Calibration, ambient temperature

	Dial indicator (0.001 mm)
	±0.001 mm
	Valve lift at crank angles
	Backlash in dividing head, not achieving exact TDC, gauge tip misalignment

	Digital balance
	±0.5 g
	Component masses
	Calibration, zero offset, component dust

	Angle gauge
	±0.5°
	Valve seat angles
	Surface contact, gauge parallelism


Measurement Accuracy and Error Analysis
The tools we used to carry out this measurement are.
· Micrometre (0.01mm)
· Vernier callipers (0.5mm)
· Dial indicator on dividing head (0.001mm)
· Digital balance (+_0.5g)
Uncertainty and Mitigation
Normal estimated valve float RPM is about 5 to 10%
·  Mass measurement error (0.5%) 
·  Spring rate variation (10%) 
·  Timing precision affecting acceleration (1–2%) 
·   Combined effect of these factors on RPM calculation

Table 4 – SF110 Flow bench Test Data Summary 
	Parameter
	Intake
	Exhaust
	Source

	Valve diameter
	28.8 mm
	24.5 mm
	SF110 test sheet

	Effective valve area
	623.17 cm²
	443.16 cm²
	SF110 calculation

	Valve stem diameter
	6 mm
	6 mm
	SF110 data

	Test pressure drop
	25 mbar
	25 mbar
	Standard SF110 setting

	Maximum flow recorded
	106.829 l/s @ 14.4 mm lift
	77.22 l/s @ 12.25 mm lift
	From test data

	Average flow
	101.08 l/s
	59.84 l/s
	Calculated mean

	Intake trumpet
	Radiused entry
	–
	Reduces entrance losses

	Test conditions
	Bare head
	Bare head
	No manifold attached




	Flow Metric
	Intake
	Exhaust
	Benchmark
	Assessment

	Mean flow coefficient (C_F)
	0.5357
	0.7571
	0.35–0.45 (good head)
	Intake good; exhaust very good

	Peak C_F
	0.375
	0.485
	Normal 
	Exhaust flows better than intake at this lift

	C_F at ¼ valve diameter
	0.352
	0.376
	0.35–0.45 (standard head)
	Both within good production head range

	Maximum flow at peak lift
	106.83 l/s
	77.22 l/s
	–
	Raw data from SF110


Table 5 – Calculated Flow Coefficients 
	Maximum intake valve lift
	L_i, max
	10.66
	mm
	From cam profile measurement

	Maximum exhaust valve lift
	L_e, max
	9.5
	mm
	From cam profile measurement

	Intake valve opening
	IVO
	40
	°CA BTDC
	From cam timing data

	Intake valve closing
	IVC
	80
	°CA ABDC
	From cam timing data

	Exhaust valve opening
	EVO
	50
	°CA BBDC
	From cam timing data

	Exhaust valve closing
	EVC
	20
	°CA ATDC
	From cam timing data



Peak flow coefficient 
The peak coefficient shows the highest intake efficiency of the cylinder head. The intake valve reached a CF of 0.491 at 14.4 mm lift and exhaust achieved 0.485 at 12.25 mm. for a production head the values are excellent, not far behind a typical race engine with a range of 0.55-0.60.
Flow coefficient is calculated using the Super Flow standard reference:

Where:
 = measured flow rate from SF110 flow bench (litres per second)
0.349 = Super Flow reference constant (metric conversion of 138 CFM/in²)
Calculation for intake peak CF:
At maximum lift (14.4 mm), measured flow = 106.83 l/s

Calculation for exhaust peak CF:
At maximum lift (12.25 mm), measured flow = 74.99 l/s


Flow at ¼ Valve Diameter
At the standard 1/4D reference lift, intake (7.2 mm) recorded a CF of 0.375, while exhaust (6.12 mm) achieved 0.432. Both results fall within expected ranges for modern four-valve heads, good flow at moderate lifts where the engine operates most often.
The quarter-diameter reference point is calculated as:

For intake valve:

At 7.2 mm lift, measured flow = 81.54 l/s

For exhaust valve:

At 6.12 mm lift (closest measurement), flow = 66.75 l/s


Mean Flow Coefficient
Intake and exhaust average CF values were 0.352 and 0.376, respectively, which is typical for well-designed production heads. The head favours strong mid-range performance over high RPM power but can be improved with cam and intake tuning.
Calculation Method:
Mean flow coefficient is the arithmetic average of all CF values across the tested lift range:

Where  = number of test points)
For intake valve:


For exhaust valve:


Summary table of calculated values:
	Parameter
	Intake
	Exhaust
	Calculation basis

	Peak C_F
	0.491 @ 14.4 mm
	0.485 @ 12.25 mm
	Maximum CF across all lifts

	C_F at ¼D
	0.375 @ 7.2 mm
	0.432 @ 6.12 mm
	Valve diameter ÷ 4

	Mean C_F
	0.352
	0.376
	Average of all 10 test points

	Valve area used
	623.17 cm²
	443.16 cm²
	From SF110 test sheet


Dynamic System Assessment: Valve Float and Rev Limit 
Valve float happens when the inertial force on the valves is stronger that then restoring force by the springs, this cause a gap between the cam follower and the camshaft, it is catastrophic as the valve motion becomes uncredible and uncontrolled, this can lead to piston to valve contact or damage to the valve seat.
Theoretical Basis:
At any instant, the force balance on the valve is:
Key Equations for Valve Float Analysis
· Spring Force:
where = spring rate (N/m), = initial compression (m), = current valve lift (m).
· Inertial Force:
where = moving mass (kg), = valve acceleration (m/s²).
· Valve Float Condition:
Occurs when cam contact force ≤ 0, meaning:
.
· Critical Acceleration for Float:
.
Safe rev Limit =11,900 x 0.85 = 10,115 RPM
"As noted by Williams (2025), valve acceleration values scale with the square of engine speed, making high-RPM operation particularly challenging for valvetrain contrl."
Williams, O. (2025). Valve Dynamics and Valvetrain Design. Week 1.3 Course Notes. University of Wales Trinity Saint David, ACHA5011 Thermodynamics and Combustion Module.
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The cam profiles indicate a peak lift at approximately 220 degrees crank angle, confirming that the intake and exhaust timing are appropriately set.  Valve velocity and valve lift plots show smooth motion with slight overlap for scavenging, high acceleration near peak lift highlights the need for strong springs to prevent valve float and the higher RPM, value float happens for this engine at around 10,115 RPM I have previously worked that out. These graphs illustrate a camshaft design that delivers balanced mid-range torque while remaining within safe mechanical limits. All my MATLAB graphs appear smoother than expected because I used dense time [image: A graph with text and numbers
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Acceleration and jerk plots sharp peaking during valve opening and closing, meaning high dynamic loads that can affect the spring design and the valve float risk. The critical float speed graphs indicate reliable and safe operation up to approximately 6,000 to 6,200 RPM.
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Description automatically generated]Corrected test flow vs valve lift with maximum reference; The graph compares intake and exhaust flow against the theoretical maximum flow. Both curves increase with valve lift but stay under the ideal limit, which is typical for production heads.  There is slightly higher flow with the intake then the exhaust at full lift this indicates good breathing capacity but also shows whether the gains could be required for a Cam modification.
Corrective Test Flow vs. Valve Lift (exhaust): The second graph illustrates the increase in airflow corresponding to incremental valve openings at quarter-lift intervals for both valves. Flow increases rapidly at low valve lifts before tapering off as full lift is approached. The intake flow curve demonstrates a steeper initial rise, while the exhaust flow levels off earlier, potentially due to greater restriction in the exhaust port at higher lifts.
Corrective test flow vs valve lift (intake); the graph shows a steady increase of the flow up to 12-14mm lift then it starts to plateau. This could indicate that beyond a certain lift additional valve opening provides minimal flow that benefits this is important for Cam optimization in its design.
RPM affects intake length; the intake runner length decreases sharply as RPM increases. Longer runners are advantageous for low-speed torque, while shorter runners are better suited for high RPM power. The increased length of the runner is especially notable in this context.  The curve shows very high RPM when the intake length approaches minimal value this emphasise the need for variable lynx intake system for high performance engines.











Part 2
Flow bench testing
I conducted flow bench testing with the bear Ford duratec cylinder head this conducted by a Super Flow SF110 apparatus. 
Test Configuration:
· Intake side: Fitted with radiused entry trumpet to minimise flow separation and entrance losses
· Exhaust side: Standard port configuration (no trumpet)
· Test conditions: Ambient temperature 20°C, barometric pressure 1013 mbar
· Valve lift increments: Tested at L/D ratios from 0.05 to 0.50 (1.44 mm to 14.40 mm for intake)
The radiused entry trumpet is important because it reduces the flow coefficient penalty associated with sharp-edged entries, allowing the test to better represent the flow potential of the port geometry itself rather than being dominated by entrance effects.
Test Procedure:
For each lift setting:
1. Valve was set to the target lift using precision shims
2. Flow bench was zeroed and calibrated
3. Flow rate was measured and recorded in litres per second (l/s)
4. Test was repeated to verify consistency
	Parameter
	Intake
	Exhaust
	Source

	Valve diameter
	28.8 mm
	24.5 mm
	SF110 test sheet

	Effective valve area
	623.17 cm²
	443.16 cm²
	SF110 calculation

	Valve stem diameter
	6 mm
	6 mm
	SF110 data

	Test pressure drop
	25 mbar
	25 mbar
	Standard SF110 setting

	Maximum flow recorded
	106.83 l/s @ 14.4 mm
	74.99 l/s @ 12.25 mm
	Measured data

	Average flow (all lifts)
	101.08 l/s
	59.84 l/s
	Calculated mean


Exhaust Valve Flow Data (SF110 Test Results)
	Test #
	L/D Ratio
	Valve Lift (mm)
	Flow Range
	Scale Reading
	
	Raw Flow (l/s)
	Test Flow (l/s)

	1
	0.05
	1.22
	1
	0.810
	
	15.79
	15.79

	2
	0.10
	2.45
	3
	0.820
	
	30.42
	30.42

	3
	0.15
	3.68
	3
	0.665
	
	49.87
	49.87

	4
	0.20
	4.90
	4
	0.765
	
	57.37
	57.37

	5
	0.25
	6.12
	4
	0.890
	
	66.75
	66.75

	6
	0.30
	7.35
	4
	0.464
	
	68.90
	68.90

	7
	0.35
	8.57
	4
	0.470
	
	69.79
	69.79

	8
	0.40
	9.80
	4
	0.490
	
	72.76
	72.76

	9
	0.45
	11.03
	4
	0.500
	
	74.35
	74.35

	10
	0.50
	12.25
	4
	0.505
	
	74.99
	74.99


"Flow coefficient is a dimensionless parameter that quantifies valve and port efficiency compared to an ideal reference, with values above 0.45 indicating well-optimized cylinder head designs."
This reference helps show off a flow coefficient as compared to the ideal reference this shows what else we can produce when will optimise the design with proof and data
Williams, O. (2025). The Gas Exchange Process and Volumetric Efficiency. Week 1.4 Course Notes. University of Wales Trinity Saint David, ACHA5011 Thermodynamics and Combustion Module.
Performance Assessment: RPM at Maximum Power
The engine speed for maximum power can be estimated using airflow characteristics. The initial formula based on gas velocity, valve area, and flow coefficient gave unrealistic results due to dimensional issues. A more practical method uses mean gas velocity (~50 m/s), valve diameter, and mean flow coefficient (0.352) to approximate RPM.
However, the most reliable approach is to compare with similar engines. For example, Ford Duratec engines with similar bore, stroke, and valve sizes typically reach peak power around 6,500–7,000 RPM, which aligns with the flow characteristics measured in this analysis.









Conclusion 
This investigation of the Ford Duratec 2.0L cylinder head shows how valvetrain dynamics and airflow characteristics combine to influence engine performance. Using workshop measurements and flow bench testing, the analysis highlights key factors that control breathing efficiency and mechanical limits.
Valvetrain calculations indicate a theoretical valve float limit near 11,900 RPM, based on measured component masses (92 g intake, 86 g exhaust) and a spring rate of 18,800 N/m. Applying a 15% safety margin gives a recommended maximum of 10,115 RPM, far above the factory redline of 6,500 RPM. This confirms that the stock design includes a large mechanical safety margin.
Flow bench results show peak flow coefficients of 0.491 (intake) and 0.485 (exhaust) at full lift—close to race-engine levels (0.55–0.60). Mean flow coefficients of 0.352 (intake) and 0.376 (exhaust) demonstrate strong breathing efficiency across the full lift range, not just at peak.
Overall, the Duratec head is a well-engineered design balancing durability, emissions, and performance. Future gains are more likely from camshaft timing and intake tuning rather than major port changes, to better exploit its excellent flow potential across a wider RPM range.
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