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1. [bookmark: _Toc235890074]Introduction

The performance of a four-stroke spark ignition (SI) engine is strongly influenced by the interaction between piston kinematics, cylinder-head airflow and  valve-train dynamics. These systems govern the engine’s ability to induct fresh charge, expel exhaust gases and convert combustion pressure into useful mechanical work. The objective of this investigation was to evaluate these characteristics using experimental measurements and analytical techniques.
The investigation comprised of two stages. Part 1 examined the mechanical behaviour of the engine through component characterisation, piston-motion analysis and camshaft measurements. Engine dimensions and valve-train components were measured experimentally and used to determine the piston displacement, velocity, acceleration and valve motion throughout the engine cycle. The influence of component inertia on valve-train performance and maximum engine speed was also considered.
Part 2 investigated the airflow characteristics of the cylinder head using a SuperFlow SF-110 flowbench. Measured intake and exhaust airflow data  were analysed to determine the relationship between the valve lift and airflow, calculate flow coefficients and assess the breathing efficiency of the cylinder head. The experimental results were then used to evaluate the engine’s expected operating characteristics and identify opportunities for performance improvement.












2. [bookmark: _Toc235890075]Component characterisation 
2.1 Engine Measurements 
Accurate measurement of the engine geometry forms the basis of all subsequent analysis. The bore, stroke, connecting rod length, compression ratio, valve diameters and valve-train component masses were measured during the laboratory session using calibrated workshop equipment. These measurements were subsequently used to develop the piston-motion model and evaluate the valve-train dynamics. 
The intake valve diameter was measured at 35.1mm, while the exhaust valve diameter was measured at 30.1mm. These dimensions influence the effective flow area available during the valve opening and therefore play an important role in determining the volumetric efficiency. 
The measured valve-train masses indicate that the camshafts are the largest individual components, whereas the reciprocating components, including the valves, retainers, springs and followers, posses considerably lower masses. Although they are relatively lightweight, these components experience the greatest accelerations during the engine operation and therefore dominate the inertial loading of the valve train. 

	Category
	Parameter/component
	Exhaust value
	Inlet value
	Unit 

	Engine geometry
	Bore 
	87.5
	87.5
	Mm

	Engine geometry
	Stroke
	83.4
	83.4
	Mm

	Engine geometry
	Connecting-rod length
	146.25
	146.25
	Mm

	Engine geometry
	Compression ratio
	11.16
	11.16
	:1

	Engine geometry
	Number of cylinders
	4
	4
	-------------

	Engine geometry
	Calculated engine capacity
	2006
	2006
	Cm^3

	Valve geometry
	Valve diameter 
	30.1
	35.1
	Mm

	Valve train
	Camshaft mass
	2098
	2128
	g

	Valve train
	Valve mass
	32
	31
	g

	Valve train
	Valve-spring mass
	35
	37
	g

	Valve train
	Retainer mass
	12
	12
	g

	Valve train
	Bucket/follower mass
	33
	33
	g


Table 1 -- shows the measured values from the experimental worksheet
2.2 measurement uncertainty
measurements were obtained using digital callipers, dial gauges, and electronic scales with appropriate resolutions for each parameter. Potential sources of uncertainty include instrument resolution, calibration accuracy, alignment of measuring equipment and operator technique.
These uncertainties have a relatively small effect on the measured engine dimensions but become increasingly significant when numerical differentiation is used to calculate velocity, acceleration and jerk from the measured valve-lift data. Consequently, minor fluctuations observed within the acceleration and jerk plots are expected and represent normal experimental behaviour rather than true changes in valve motion. 
3. [bookmark: _Toc235890076]Piston motion analysis 
3.1 piston displacement








Figure 1 -- graph showing piston displacement throughout the engine cycle


The piston displacement curve shows that the piston is travelling between top dead centre (TDC) and bottom dead centre (BDC) during the complete 720° four-stroke cycle. Maximum displacement occurs at BDC, while minimum displacement occurs at TDC. The measured curve is not perfectly sinusoidal because the finite connecting rod length introduces rod angularity, causing the piston to accelerate and decelerate unevenly throughout the stroke.
This extended dwell near TDC provides additional time for combustion to develop before the expansion stroke begins, thus improving pressure development and thermal efficiency.
3.2 piston velocity







Figure 2 -- graph showing the piston velocity versus the crank angle


Piston velocity is zero at both TDC and BDC because the piston reverses direction at these locations. Peak velocity occurs slightly after mid-stroke due to the geometry of the crank-slider mechanism rather than at exactly 90° crank angle. Increasing the piston velocity increases inertial loading on the connecting rod and crankshaft, limiting the maximum safe operating speed of the engine.

3.3 Piston acceleration 






Figure 3 -- graph showing the piston acceleration versus the crank angle


The largest acceleration values occur near TDC and BDC where the piston change direction. Since the inertial force is proportional to acceleration, these regions generate the highest mechanical loading within the reciprocating assembly. As engine speed increases, piston acceleration rises approximately with the square of rotational speed, making acceleration on of the primary factors that govern the engine durability and maximum operating speed.
4. [bookmark: _Toc235890077]Camshaft and valve motion analysis 
4.1 Valve lift analysis 
The camshaft controls the timing, duration and the magnitude of the valve opening, making it one of the most influential components affecting the engine breathing and overall performance. Valve lift measurements were recorded at 1° camshaft intervals using a dial gauge before being converted to crankshaft angle for analysis over the complete four-stroke cycle.







Figure 4 -- graph showing the Inlet and Exhaust valve lift vs crank angle


The measured valve-lift profiles show smooth opening and closing events for both the inlet and exhaust valves. Maximum lift occurs near the centre of each valve event, whilst the valves remain closed during the remaining portion of the engine cycle. The smooth curvature of the lift profiles indicates that the camshaft has been designed to minimise excessive mechanical loading while maintaining sufficient valve opening to achieve effective cylinder filling and exhaust scavenging.
Valve lift directly affects the flow area that is available between the valve and valve seat. Increasing the lift generally increases the airflow until the valve opening becomes larger than the effective port restriction. Beyond this point, further increases in the lift provide little additional airflow, a trend that is investigated in the flow bench analysis.





4.2 Valve velocity and acceleration
Valve velocity and acceleration were obtained numerically by differentiating the measured valve-lift data using Microsoft excel. The first derivative of valve lift with respect to crank angle was used to calculate valve velocity, while the second derivative was used to determine the valve acceleration.



Figure 5 – graph showing valve velocities vs crank angle





The valve velocity curve shows a rapid increase during the valve opening followed by a gradual reduction to zero at maximum lift before reversing during the valve closure. Peak valve velocity occurs during the opening and closing ramps, where the valve displacement changes the most rapidly.






Figure 6 -- graph showing valve accelerations vs crank angle

The acceleration plot exhibits alternating positive and negative peaks corresponding to the valve opening and closing. These regions represent the highest inertial loading experienced by the valve train because the inertial force increases proportionally with valve acceleration. Since the valve acceleration increases approximately with the square of engine speed, relatively small increases in engine speed can significantly increase valve-train loading. Smooth acceleration profiles are desirable because they reduce impact forces between the cam lobe and follower, minimise mechanical wear and improve long-term durability.
4.3 Valve jerk
Valve jerk represents the rate of change of acceleration and provides an indication of how abruptly the valve train is loaded.

Figure 7 -- graph showing the valve jerk vs crank angle
Large jerk values generate vibration, increased contact stress and greater mechanical noise. The measured cam profile produces relatively smooth transitions throughout the valve event, indicating that the camshaft has been designed to reduce dynamic loading while maintaining acceptable valve motion. Small fluctuations observed in the jerk curve are expected because the numerical differentiation amplifies the experimental measurement noise.

5. [bookmark: _Toc235890078]Dynamic system assesment 

5.1 valve float
Valve float occurs when the valve spring is unable to maintain the continuous contact between the cam follower and cam profile at high engine speed. Under these conditions the valve no longer follows the intended cam motion, reducing volumetric efficiency and potentially causing mechanical damage. The measured valve, spring, retainer and follower masses indicate a relatively lightweight reciprocating assembly. However, inertial forces rapidly increase with the engine speed, requiring progressively greater spring force to maintain valve control. Consequently, valve float is expected to become the principal mechanical limitation at high engine speeds rather than static component strength. Evidence of approaching valve float would include reduced valve control, unstable valve motion and increased mechanical vibration.
5.2 piston-to-valve clearance
The piston-motion analysis and valve-lift measurements can be combined to evaluate piston-to-valve clearance throughout the engine cycle. The minimum clearance normally occurs close to TDC during the overlap period, when the exhaust valve is closing whilst the inlet valve is beginning to open
Maintaining adequate clearance is essential because valve float or incorrect cam timing can allow the valves to remain open longer than intended, increasing the likelihood of piston contact. Although the measured cam profiles indicate controlled valve motion, any increase in engine speed beyond the design limit would increase the risk of interference if valve control were lost.

5.3 Lightweight valve-train components
One method of increasing the maximum safe engine speed is to reduce the mass of the reciprocating valve-train components. Since inertial force is directly proportional to component mass then the lighter valves, retainers and followers may reduce the force required from the valve spring to maintain cam contact.
Potential modifications include titanium valves, titanium retainers and lightweight bucket followers. These components would reduce valve-train inertia, delay the onset of valve float and improve high-speed reliability without significantly altering the camshaft geometry. Such modifications are widely employed in high-performance and motorsport engines where elevated engine speeds are required.

6. [bookmark: _Toc235890079]Flowbench testing

6.1 experimental procedures
The airflow characteristics of the cylinder head were evaluated using a SuperFlow SF-110 flowbench. The cylinder head was tested at a constant pressure differential of 25 inH20, while airflow was measured at incremental valve lifts for both the inlet and exhaust ports. The valve position was adjusted using a dial gauge to ensure accurate lift measurements throughout the test. Measured airflow values (L/s) were used to assess the relationship between the valve lift and cylinder-head breathing performance. The data was also used to calculate the flow coefficient and identify the valve lift at which airflow became limited by port geometry rather than valve opening. 

6.2 intake and exhaust flow analysis 
Airflow increased rapidly with valve lift before gradually approaching a plateau at higher lifts. This indicates that the valve opening became less restrictive as lift increased, while airflow at higher lifts became limited by the intake and exhaust port geometry. 
 The intake port consistently produced higher airflow than the exhaust port due to its larger valve diameter and its role in maximising cylinder filling.

6.3 flow coefficient
The flow coefficient increased rapidly  at low value lifts before approaching a constant value as valve lift increased. This indicates that the cylinder head became increasingly port-limited, so further increases in valve lift would provide only small improvements in airflow. Consequently, improvements in engine breathing would be more effectively achieved through cylinder-head modifications than increased cam lift.

6.4 quarter-valve diameter assessment 
The quarter-valve diameter criterion predicts the point beyond which additional valve lift produces limited airflow gains. For the measured valve diameters, this corresponds to approximately 8.8mm for the intake valve and 7.5mm for the exhaust valve. 
The measured flow curves begin to level off near these values, indicating good agreement between theory and the experimental results.

7. [bookmark: _Toc235890080]Performance assessment
The combined piston-motion, valve-motion and flowbench analyses indicate good cylinder-head breathing over the measured operating range. As airflow reaches a plateau at higher valve lifts, increasing cam lift alone is unlikely to provide significant performance gains. Instead, cylinder-head porting, valve-seat optimisation or larger valves would offer greater improvements.
Valve-train dynamics are also likely to limit the maximum engine speed, as increasing inertia raises the risk of valve float before airflow becomes the primary restriction.



8. [bookmark: _Toc235890081]Tuning potential 
The results suggest that increasing the camshaft lift alone would provide limited performance benefits because airflow becomes port-limited at higher valve lifts. Greater improvements would be achieved through cylinder-head porting, polishing and valve-seat optimisation. 
Reducing valve-train mass using lightweight valves, retainers or bucket followers would improve high-speed operation by reducing the inertia and delaying valve float. Stronger valve springs could further increase engine speed but would also increase friction and wear. Overall, the most effective improvements would combine airflow and valve-train optimisation.

9. [bookmark: _Toc235890082]Conclusions 
This investigation evaluated the piston motion, valve motion and airflow characteristics of a four-stroke spark-ignition engine cylinder head.
The piston-motion analysis showed that the maximum inertial loading occurs near TDC and BDC. The measured cam profiles produced smooth valve lift, velocity, jerk and acceleration, thus indicating controlled valve motion. Valve-train analysis also showed that valve float is likely to limit maximum engine speed. 
Flowbench testing demonstrated that intake and exhaust airflow increased with valve lift before reaching a plateau, confirming that the ports become the primary flow restriction at higher lifts. The calculated flow coefficients supported this behaviour and showed that the cylinder-head development would provide greater performance gains than increasing valve lift alone. 
Overall, the results demonstrate that the engine performance depends on balancing the timing, piston motion and cylinder-head airflow to achieve efficient gas exchange while maintaining reliable valve-train operation.
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Piston Acceleration



Inlet and exhaust vs crank angle
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Inlet and exhaust valve lift



Valve velocities vs crank angle
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valve velocities



valve acceleration vs crank angle
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Exhaust and inlet jerk vs crank angle
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valve jerk
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Piston Pisition (mm)



Piston Velocity over Crank Angle

5.0834451483175943E-15	0.72414418481834797	1.4480708283380228	2.1715624529495838	2.8944017084014324	3.6163714354266205	4.337254729307686	5.0568350033582767	5.7748960523015427	6.4912221155243968	7.2055979401874586	7.9178088441706693	8.6276407788340954	9.3348803915746252	10.039315088158363	10.740733094809839	11.438923520038337	12.133676416182961	12.824782840657392	13.512034916876194	14.195225894844842	14.874150211395406	15.548603550051093	16.218382900502217	16.883286617677594	17.543114480394664	18.197667749573213	18.84674922599693	19.490163307608213	20.127716046321929	20.759215204343885	21.384470309981044	22.003292712930005	22.615495639031828	23.220894244480689	23.81930566947538	24.410549091302304	24.994445776839509	25.570819134472089	26.139494765408784	26.700300514391436	27.253066519787968	27.797625263061413	28.333811617606599	28.8614628969477	29.380418902289382	29.890521969414966	30.391617014925657	30.883551581814427	31.366175884369333	31.839342852400502	32.302908174785756	32.756730342329654	33.20067068993113	33.634593438054793	34.058365733500921	34.471857689469658	34.874942424913947	35.267496103176761	35.649397969906929	36.020530390248524	36.380778885298042	36.730032167823261	37.068182177237844	37.395124113824565	37.710756472200359	38.014981074015338	38.307703099877884	38.588831120496835	38.858277127031734	39.115956560641145	39.361788341218528	39.595694895304518	39.817602183163778	40.02743972501387	40.225140626393028	40.410641602652959	40.583883002562125	40.744808831004406	40.893366770757417	41.029508203334018	41.153188228870185	41.264365685041895	41.36300316499301	41.449067034256018	41.522527446646947	41.583358359115564	41.631537545531764	41.667046609388869	41.689870995404533	41.7	41.697426780638509	41.68214836400373	41.654165652999701	41.613483432553778	41.56011037420464	41.49405903945798	41.415345881893252	41.323991248005072	41.220019376764306	41.10345839788414	40.974340328777764	40.832701070194993	40.678580400526506	40.512021968765154	40.33307328611528	40.141785716241934	39.93821446415339	39.722418563711294	39.494460863764495	39.254408012903617	39.002330442834896	38.738302350373246	38.462401678055642	38.174710093377584	37.87531296665626	37.564299347525967	37.241761940072038	36.907797076611253	36.562504690127575	36.205988285373664	35.838354908649251	35.459715116269173	35.070182941734416	34.669875861620824	34.258914760200994	33.837423892815835	33.405530848013093	32.963366508470962	32.511065010725623	32.048763703722273	31.576603106209863	31.094726863000258	30.603281700113168	30.102417378828537	29.592286648668686	29.073045199332672	28.544851611605782	28.007867307267372	27.462256498020341	26.90818613346595	26.345825848147655	25.77534790768782	25.196927154041315	24.610740949889966	24.016969122201857	23.415793904979608	22.807399881221443	22.191973924119289	21.569705137517484	20.940784795656111	20.305406282222588	19.663765028735078	19.016058452281275	18.362485892635842	17.703248548779673	17.038549414844155	16.368593215503221	15.693586340835981	15.013736780682637	14.329254058515936	13.640349164850672	12.947234490213228	12.250123757693281	11.549231955099398	10.844775266740404	10.136971004853928	9.4260375407037262	8.7121942353670363	7.9956613702331749	7.2766600772345296	6.5554122688308638	5.8321405677679108	5.1070682366310267	4.3804191072146246	3.652417509728072	2.9232882018586275	2.193256297711931	1.4625471966505654	0.73138651205109395	0	0.73138651205109395	1.4625471966505654	2.193256297711931	2.9232882018586275	3.652417509728072	4.3804191072146246	5.1070682366310267	5.8321405677679108	6.5554122688308638	7.2766600772345296	7.9956613702331749	8.7121942353670363	9.4260375407037262	10.136971004853928	10.844775266740404	11.549231955099398	12.250123757693281	12.947234490213228	13.640349164850672	14.329254058515936	15.013736780682637	15.693586340835981	16.368593215503221	17.038549414844155	17.703248548779673	18.362485892635842	19.016058452281275	19.663765028735078	20.305406282222588	20.940784795656111	21.569705137517484	22.191973924119289	22.807399881221443	23.415793904979608	24.016969122201857	24.610740949889966	25.196927154041315	25.77534790768782	26.345825848147655	26.90818613346595	27.462256498020341	28.007867307267372	28.544851611605782	29.073045199332672	29.592286648668686	30.102417378828537	30.603281700113168	31.094726863000258	31.576603106209863	32.048763703722273	32.511065010725623	32.963366508470962	33.405530848013093	33.837423892815835	34.258914760200994	34.669875861620824	35.070182941734416	35.459715116269173	35.838354908649251	36.205988285373664	36.562504690127575	36.907797076611253	37.241761940072038	37.564299347525967	37.87531296665626	38.174710093377584	38.462401678055642	38.738302350373246	39.002330442834896	39.254408012903617	39.494460863764495	39.722418563711294	39.93821446415339	40.141785716241934	40.33307328611528	40.512021968765154	40.678580400526506	40.832701070194993	40.974340328777764	41.10345839788414	41.220019376764306	41.323991248005072	41.415345881893252	41.49405903945798	41.56011037420464	41.613483432553778	41.654165652999701	41.68214836400373	41.697426780638509	41.7	41.689870995404533	41.667046609388869	41.631537545531764	41.583358359115564	41.522527446646947	41.449067034256018	41.36300316499301	41.264365685041895	41.153188228870185	41.029508203334018	40.893366770757417	40.744808831004406	40.583883002562125	40.410641602652959	40.225140626393028	40.02743972501387	39.817602183163778	39.595694895304518	39.361788341218528	39.115956560641145	38.858277127031734	38.588831120496835	38.307703099877884	38.014981074015338	37.710756472200359	37.395124113824565	37.068182177237844	36.730032167823261	36.380778885298042	36.020530390248524	35.649397969906929	35.267496103176761	34.874942424913947	34.471857689469658	34.058365733500921	33.634593438054793	33.20067068993113	32.756730342329654	32.302908174785756	31.839342852400502	31.366175884369333	30.883551581814427	30.391617014925657	29.890521969414966	29.380418902289382	28.8614628969477	28.333811617606599	27.797625263061413	27.253066519787968	26.700300514391436	26.139494765408784	25.570819134472089	24.994445776839509	24.410549091302304	23.81930566947538	23.220894244480689	22.615495639031828	22.003292712930005	21.384470309981044	20.759215204343885	20.127716046321929	19.490163307608213	18.84674922599693	18.197667749573213	17.543114480394664	16.883286617677594	16.218382900502217	15.548603550051093	14.874150211395406	14.195225894844842	13.512034916876194	12.824782840657392	12.133676416182961	11.438923520038337	10.740733094809839	10.039315088158363	9.3348803915746252	8.6276407788340954	7.9178088441706693	7.2055979401874586	6.4912221155243968	5.7748960523015427	5.0568350033582767	4.337254729307686	3.6163714354266205	2.8944017084014324	2.1715624529495838	1.4480708283380228	0.72414418481834797	5.0834451483175943E-15	Crank Angle
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