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Abstract 
 
The goal of producing more efficient internal combustion engines has led to the use of more 

advanced technologies and operating strategies. As a result, Computational Fluid Dynamics 

(CFD) is now a standard tool that is used to optimise the design of new combustion systems. 

Validation of these numerical simulations is essential, especially for the prediction of in-

cylinder flow, which is known to have a profound effect on mixture preparation and 

combustion. Therefore, high quality, in-cylinder flow measurements are required to aid the 

validation process and the design of new combustion systems. 

 

This work outlines the development of an optical engine test facility and the installation of 

a high-speed Particle Image Velocimetry (PIV) system that provides in-cylinder flow 

measurements with high spatial and temporal resolution over a large range of crank angles. 

The system is capable of producing measurements at a maximum rate of 3.7 kHz at full 

resolution and a total of 6000 frame pairs in a single experiment. Additional improvements 

to the system for specific application to IC engines have been outlined, including the use 

of variable inter-frame delay and methods of scatter minimisation. 

 

To aid the validation of CFD simulations, metrics known as the Weighted Relevance Index 

(WRI) and the Weighted Magnitude Index (WMI), have been developed to quantify 

differences between flow fields in terms of both alignment and magnitude. These have been 

combined to produce a third metric, the Combined Magnitude and Relevance Index 

(CMRI), that produces a single value that rates the similarity of two flow fields. The 

application of these metrics has been demonstrated by investigating the differences between 

velocity measurements and CFD RANS simulations in the central tumble plane for three 

test conditions. The metrics were able to determine regions of the flow field that were 

significantly different between simulation and experiment, which would not be highlighted 

by conventional metrics. 
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Flow field measurements were also made during the induction and compression strokes of 

firing cycles to investigate the effect of in-cylinder flow structures on cycle-by-cycle 

variations in combustion. The cycles were separated into subsets conditioned on burn rate, 

as indicated by in-cylinder pressure measurements. The WRI and WMI were then used to 

compare the conditionally averaged flow fields of fast and slow burning cycles. From this 

analysis, it was possible to determine regions of the flow that have a significant effect on 

the rate of combustion. Simultaneous combustion imaging showed that the flames for slow 

burning cycles tended to grow asymmetrically towards the exhaust valves. In contrast, the 

flames of fast burning cycles were convected away from the spark plug and grew rapidly 

in all directions. 
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1 Introduction 
 

1.1 Background  
  

Internal combustion engines (ICE) are the main source of propulsion for ground 

transportation worldwide, which consists of approximately 1.5 - 2 billion motor  

vehicles [1]. The vast majority of these are powered by compression ignition (CI) and spark 

ignition (SI) engines using liquid hydrocarbon fuels, which remain popular due to their high 

energy density, existing infrastructure and ease of distribution. In 2017 alone, there were 

nearly 100 million motor vehicles produced globally, of which 20% were manufactured in 

the EU [2]. Of the 15 million new passenger car registrations in the EU, 94% were powered 

by either diesel or petrol. There are similar trends in the UK with 95% of the 2.5 million 

new car registrations in 2017 powered by internal combustion engines [3]. Despite the 

dominance of conventional engines, there are a number of challenges facing their continued 

development; namely stringent emissions regulation and the development of disrupting 

technologies such as electrification. 

 

1.1.1 Emissions regulation 
 

There is a constant need for improved fuel economy and reduced tailpipe emissions, driven 

largely by government regulation. Currently, about 80% of all light duty vehicles are 

subject to some kind of standards, for which the main motivation is reduction in greenhouse 

gas emissions and harmful air pollutants [4]. Although these types of emissions are 

sometimes conflated, the range of their harmful effects differ, with greenhouse gases acting 

on a global scale in contrast to air pollutants, which are mostly concentrated in densely 
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populated areas. The emission of carbon dioxide (CO2), the major greenhouse gas 

associated with ground transportation, is directly related to the amount of fuel consumed, 

and hence the fuel efficiency of a vehicle. A recent report by the Intergovernmental Panel 

on Climate Change (IPCC) outlines the dangers of irreversible global warming due to 

anthropogenic emissions [5], and highlights the challenges faced in mitigating these effects. 

In the EU, road transportation is responsible for 72% of CO2 transport emissions [6], and 

so ambitious targets have been introduced to reduce fleet-averaged emissions from 

passenger cars to 95 g/km by 2021, and then by a further 30% from the 2021 baseline by 

2030, with an incremental target of 15% by 2025 [7]. Figure 1.1 shows the global CO2 

regulations for passenger vehicles from 2000 to 2030. 

 

Figure 1.1 Global CO2 regulations for passenger vehicles until 2030 (adapted from  [8]). 

 

The original 2015 EU target of 130 g/km was achieved two years in advance by 

manufacturers mainly through the large market penetration of light duty vehicles with 

direct injection diesel engines, which were aided by fiscal incentives. Although diesel 

engines are inherently more efficient than SI engines, concerns over the harmful effect of 

emissions of nitrogen oxides (NOx) and particulate matter (PM) on local air quality have 

resulted in policies that target the use of diesel cars in heavily populated areas, such as the 
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introduction of London’s Ultra Low Emissions Zone [9]. In the UK alone, uncertainty 

surrounding future government policy affecting diesel engines has led to a reduction in 

sales by 30% between 2017 and 2018 [10]. Across the EU, falling sales in diesel engines 

in 2017, coupled with a shift to heavier vehicles powered by spark ignition engines, has 

resulted in the first increase in fleet-averaged CO2 emissions since 2000 [11], [12]. Not 

only does this trend highlight the need for continued development of spark ignition engines 

to improve fuel economy to meet the 2021 target, but it is also an example of well-

intentioned policy having adverse effects. 

 

In addition to fuel economy standards, the EU regulates air pollution by issuing directives 

ranging from EURO 1 in 1992 to the most recent, EURO 6d, due to be phased in by 2021. 

These define limits on pollutants such as NOx, PM, total hydrocarbons (THC), carbon 

monoxide (CO) and non-methane hydrocarbons (NMHC). Under EURO 6, particulate 

matter is now regulated in terms of both particulate mass and number for direct injection 

spark ignition (DISI) engines. Compliance is enforced through the use of type approval 

tests that determine emissions by running the vehicle on a standardized drive cycle. Before 

2018, the New European Drive Cycle (NEDC) was the standard test cycle for vehicles 

produced in the EU, however the ICCT reported that the gap between emissions produced 

during laboratory tests and real world driving was as great as 39% in 2017 [13], with this 

figure rising to around 50% by 2020 if the NEDC remained [14]. The large gap was due to 

the limitations of the NEDC, which was last amended in the 1990s. Furthermore, certain 

flexibilities in the conditions of the test allowed car manufacturers to optimise vehicles to 

perform well during the procedure but fall short in real world driving. This prompted the 

introduction of the Worldwide Harmonised Light Vehicle Test Procedure (WLTP) in 2017. 

The updated procedure has a more realistic, transient drive cycle (WLTC), that is longer 
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and has a higher mean velocity. It also tightens control of conditions at which the test is 

operated and takes into account optional equipment and payload of the vehicle. Figure 1.2 

compares the NEDC and WLTC drive cycles.  

 

Figure 1.2 Comparison of the NEDC and WLTC drive cycles. 

 

 In addition to the WLTP, Real Driving Emissions (RDE) testing was also introduced in 

2017. This test is carried out on public roads with a Portable Emissions Measurement 

System (PEMS) on-board and provides emissions measurements that are more 

representative of real-world driving. Manufacturers must ensure that the ‘real world’ 

emissions are within a certain conformity factor of laboratory tests, otherwise they risk 

substantial financial penalties. 

 

1.1.2 Hybridisation and electrification 
 

Of course, manufacturers must meet these ambitious targets while also offering a 

competitive product, which translates to improvements in fuel economy without a reduction 

in power output and driveability. An attractive option is the hybridisation of light duty 

vehicles to take advantage of the recent development of electrified powertrains in order to 

reach the fleet averaged CO2 target of 95 g/km by 2021. The term ‘hybridisation’ covers a 

broad range of electrification; however, most commonly vehicles are classed as hybrid 

engine vehicles (HEV) and plug-in hybrid engine vehicles (PHEV). These differ in terms 
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of architecture and operation of the ICE and electric system, with HEVs (such as the Toyota 

Prius) using a combination of electric motor and internal combustion engine for propulsion. 

In contrast, larger batteries are used in PHEVs that can typically provide a range of about  

40 km on the electric motors alone. Battery Electric Vehicles (BEV) do not possess an IC 

engine at all and only operate using electric motors. The Society of Motor Manufacturers 

and Traders (SMMT) reports that the number of new registrations of HEVs, PHEVs and 

BEVS in the UK have increased by 40%, 25.5% and 32.5% respectively from 2016 to 2017, 

making up 4.7% of the new car market [15]. The advantages of hybridisation are obvious 

in terms improved fuel economy with one report suggesting that hybrid powertrains can 

reduce fuel consumption by around 25-30% when compared with equivalent internal 

combustion engines [16]. Therefore, it is not surprising that many manufacturers have 

publicly stated their intentions of electrifying powertrains by the mid-2020s. However, 

despite double digit percentage increases in the number of newly registered BEVs in the 

UK in recent years, they only make up 0.5% of the market share. The lack of market 

penetration of BEVs is the result of a number of factors including relatively high prices in 

comparison to comparative internal combustion engines, range anxiety and the lack of an 

existing charging infrastructure [17]. Governmental financial incentives designed to 

encourage the uptake of BEVs are a key driver and vary greatly throughout Europe; this is 

the main reason why Norway has the largest market share of electric vehicles in the world 

[18]. In the UK, the maximum grant for the purchase of BEVs (vehicles that emit less than 

50g/km) was reduced from £4500 to £3500 in 2018, and support for PHEVs was removed 

altogether. The cost premium of BEVs typically results from the relatively high costs of the 

battery, currently around 170$/kWh [19], although this is predicted to decrease into the 

mid-2020s. That said, there are concerns about the availability of the materials required for 

battery manufacture, such as cobalt and lithium, which are produced in a relatively limited 
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number of countries [20].  The range of BEVs is also predicted to increase with the 

improvement of battery technology, which may relieve the concerns of consumers [21]. As 

the costs of BEVs decrease and their price equals that of internal combustion engines, the 

uptake of BEVs is likely to increase. However, the installation of sufficient charging 

infrastructure remains a significant challenge. An increase in the number of BEVs will also 

result in increased load on the national power grid, especially at peak times if owners charge 

their vehicles at the same time. Financial incentives will be required to encourage owners 

to charge vehicles at off-peak times in order to distribute the load at peak times [22]. 

Furthermore, electric vehicles are only as clean as the energy infrastructure used to produce 

the electricity; therefore, to achieve the maximum benefit from a transition to 

electrification, significant investment must be made to ensure decarbonisation of the power 

sector [17]. 

 

1.1.3 Recent developments in SI engine technology 
 

Modern engines possess a host of advanced technologies to improve fuel economy and 

meet the stringent emissions regulations. In a review of the current state of gasoline engine 

technology, Joshi [23] highlights a number of synergistic technologies that are entering the 

market; these include heavily downsized engines using advanced turbo-charging systems 

and e-boosting [24][25], exhaust gas recirculation (EGR) [26][27], homogeneous lean 

combustion [28][29], dynamic cylinder deactivation [30], and advanced valve control 

systems permitting Miller and Atkinson cycles [31][32]. Very recently, by announcing the 

SkyActiv-X engine, Mazda have become the first OEM to market a vehicle powered by a 

Gasoline Compression Ignition (GCI) combustion system [33]. This engine promises to 

combine the benefits of both a gasoline and diesel engine to reduce fuel consumption, 

without sacrificing performance. 
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Despite the challenges facing the internal combustion engine, it remains by far the most 

popular source of propulsion for ground transportation. Although a transition to 

electrification is highly likely in the coming decades, hybridisation will play an important 

role, therefore further development of IC engines is essential to improve the fuel efficiency 

of future vehicles. DISI (also known as gasoline direct injection (GDI)) technology is now 

widespread and used in modern engines to improve fuel economy. The following sections 

outline the main considerations of the design of such combustion systems and their 

advantages. 

 

1.2 Direct Injection Spark Ignition Engines 
 

1.2.1 Introduction 
 

A brief summary of the basics of spark ignition engine operation is necessary before 

discussion of the complex nature of in-cylinder flow processes and combustion in DISI 

engines. The in-cylinder pressure trace of a cycle, shown in Figure 1.3, provides a simple 

method of explaining the processes in a 4-stroke SI engine. For each cycle, there are two 

revolutions of the crankshaft, and therefore the four strokes of the piston that define the 

main processes in a cycle: induction, compression, expansion and exhaust. 
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Figure 1.3  An example of in-cylinder pressure traces for motored (blue) and fired (red) operation in a 4-
stroke spark ignition engine. The inlet valve lift is also shown in light grey. 

 

As the piston moves downwards from top dead centre (TDC) during the induction stroke, 

the inlet valves open and air is drawn into the combustion chamber. Traditionally the fuel 

is mixed with the air before it enters the cylinder; however, in DISI engines, fuel is 

introduced directly into the combustion chamber. A high-speed jet of air enters the cylinder 

past the valves and transfers momentum to the in-cylinder charge, which results in large-

scale bulk flow motion that persists throughout the cycle. After bottom dead centre (BDC), 

the inlet valves have closed and the piston travels towards the cylinder head, compressing 

the air-fuel mixture. A flame kernel is initiated by a spark plug some time before TDC, 

which consumes the flammable mixture and expands throughout the combustion chamber. 

The in-cylinder pressure increases due to the energy released by combustion of the air-fuel 

mixture, forcing the piston down and providing the power that drives the vehicle. During 

the exhaust stroke, the opening of the exhaust valves and the movement of the piston 

removes the combustion gases from the cylinder in preparation for the introduction of the 

fresh charge in the following cycle.  
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The work in this thesis is focussed on in-cylinder flow prior to combustion, therefore only 

the induction and compression processes are discussed in more detail in the following 

sections. 

 

1.2.2 In-cylinder charge motion 
 

Bulk flow  

The manipulation of the in-cylinder charge motion is a key objective in the design of the 

induction and combustion systems in DISI engines [34]. The in-cylinder air interacts with 

the fuel spray to influence the distribution of the fuel throughout the combustion chamber, 

which dictates the homogeneity of the air-fuel mixture at the time of ignition [35]. 

Furthermore, the structure of the flame and its speed of propagation are dependent on both 

the in-cylinder motion and mixture composition; therefore optimisation of the charge 

motion is vital [36], [37].  

 

The flow field set up by the induction process is three-dimensional, highly complex and 

turbulent. It consists of structures that range in size, from large-scale flows constrained by 

the geometry of the engine, to the smallest turbulent structures, only microns in length [38]. 

Controlling the distribution of energy throughout these scales is one of the challenges for 

the design of an effective induction system. Air is forced into the combustion chamber past 

the intake valves by the difference in pressure between the inlet manifold and the cylinder. 

The annular jet interacts with the cylinder walls and piston surface to setup large-scale flow 

structures that are typically separated into swirl and tumble, defined by their axis of rotation 

as shown in Figure 1.4; swirl describes a twisting motion around the axis of the cylinder 

and tumble refers to motion around an axis perpendicular to the cylinder.  
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Figure 1.4 Schematic demonstrating typical in-cylinder bulk motion - swirl (left) and tumble (right). 

 

After the inlet valves have closed, the bulk motion persists into the compression stroke 

where it is compressed by the upward motion of the piston. This causes the large-scale 

structures to become unstable and break down into smaller turbulent structures. By the time 

of ignition, there may be some residual bulk motion that interacts with the early flame 

kernel and dictates the direction of its displacement and early growth [36].  

 

Variations in the large-scale flow structures from cycle to cycle are thought to be one of 

the main sources of cycle-by-cycle variations (CCV) observed in SI engines [39]. By 

analysing the differences between flow structures for directed and undirected engine flows, 

Reuss [40] suggests potential sources of cyclic variability: residual variability from a 

previous cycle, flow separation during the induction process, variation in the vortex during 

compression, and variation in turbulence dissipation. In addition, variations of the flow in 

the intake runner before the valves have also been suggested as a potential source of CCV 
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[41], [42]. In order to reduce cyclic variations, the induction system of modern DISI engines 

is typically designed to induce strong, repeatable tumble flow [43]. This is achieved by 

careful design of the inlet ports, tumble flaps, valve shrouding [44]–[47], and variable valve 

actuation (VVA) systems [48]–[50].  The flexibility of VVA systems offers the potential 

of new operating strategies to improve fuel economy[51], [52]; one of which is the de-

throttling of the engine at part load [53], [54]. 

 

Turbulence 

A major consideration in the design of the induction system is to ensure the generation of 

sufficient in-cylinder turbulence. The rate of air-fuel mixing and flame propagation is 

significantly increased by the action of turbulence, which ensures satisfactory engine 

operation for a large range of speeds. For example, without a turbulent flow field at ignition, 

laminar flames would not travel sufficiently fast to fully consume the air-fuel mixture at 

higher engine speeds. Enhancement of flame speed by turbulence is particularly important 

for engines operating under lean conditions or high levels of EGR. Therefore, one of the 

most important objectives of the induction system is ensure a turbulent flow field at the 

time of ignition. 

 

In general, the turbulence intensity is greatest during the induction process due to the large 

velocity gradients between the high-speed intake jet and the relatively slow in-cylinder air. 

However, it is known that this turbulent motion dissipates rapidly after the inlet valves have 

closed, as the source of turbulence is removed [38]. For this reason, intake systems are 

designed to encourage the formation of large-scale flow structures, which are used to store 

the kinetic energy introduced in the induction process so that it can be used to generate 

turbulence late in the compression stroke [55]. The process by which the energy contained 
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in the bulk motion is transferred to smaller structures is known as the energy cascade, and 

occurs due to the action of shear forces [56]. The cascade continues until the turbulent 

energy is finally dissipated as heat on the molecular scale by diffusion. As the piston moves 

towards the cylinder head during the compression stroke, the tumbling structure is 

compressed, resulting in faster rotation due to the conservation of angular momentum. Near 

TDC, the rotating structure becomes unstable and breaks down into small-scale turbulent 

structures in time for ignition [57], [58], as demonstrated in Figure 1.5. Modern engines 

also use ‘squish’ regions, to generate more turbulence; these are regions of very small 

clearance between the cylinder head and piston that force jets of gas into the centre of the 

combustion chamber, which then break down into smaller turbulent structures. Further 

discussion of the methods used to analyse the effect of flow structures on combustion are 

provided in Chapter 7. 

 

Figure 1.5  Schematics illustrating the formation and breakdown of the tumble motion in a spark ignition 
engine. 

 

1.2.3 Fuel injection  
 

The way in which the flammable mixture is formed before combustion has a profound 

effect on efficiency and emissions. Traditionally in SI engines, fuel and air was mixed 
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outside the combustion chamber using either a carburettor or, more recently, port fuel 

injection (PFI). For PFI systems, fuel is injected at low pressure onto the rear of the inlet 

valves, where it vaporises and mixes with the air before entering the cylinder during the 

induction process. These systems have been very successful as they are robust and provide 

good air-fuel mixing control without dedicated charge motion [37]. However, in recent 

decades, direct injection of fuel into the combustion chamber has become popular for high 

performance SI engines. Although, direct injection requires more advanced control systems 

and more robust fuel systems, it has been seen as a relatively inexpensive way of reducing 

fuel consumption by as much as 20% [59]. The images in Figure 1.6 show examples of PFI 

and DI fuel injection systems. 

        

Figure 1.6 Images demonstrating PFI (left) and DI (right) fuel injection systems. 

 

There are a number of advantages offered by direct injection; one of which is the charge 

cooling effect. As the liquid fuel evaporates after injection, it removes energy from the in-

cylinder charge, resulting in a reduction of in-cylinder air temperature. Not only is the 

charge density increased, resulting in improvements in volumetric efficiency, but peak 

pressures are also reduced, which mitigates the onset of potentially damaging combustion 

knock. Therefore, direct injection allows the use of higher compression ratios, increasing 

cycle efficiency. Direct injection is a key technology used in engine downsizing, which has 
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been a major trend in modern gasoline engines [60]. This process involves replacing large, 

naturally aspirated (NA) engines with smaller, turbocharged engines without a significant 

reduction in power output. The vast majority of the newly developed engines outlined in 

Section 1.1.3 are downsized, direct injection engines due to the benefits of lower frictional 

losses, heat losses and mass. Due to the reduction in displacement, these engines commonly 

run at higher BMEPs than larger NA engines, which results in reduced throttling losses and 

lower fuel consumption. 

 

A major issue with PFI systems is the poor transient fuelling control during acceleration. 

The presence of fuel films on the surfaces of the intake runner and the valves typically 

results in air-fuel ratio excursions during transients [36]. The combination of advanced 

electronic control systems and modern injectors used in direct injection systems provides 

much greater control of fuelling, including multiple injection events per cycle, which have 

been used to influence in-cylinder motion and enhance combustion [61]. 

 

The requirement of SI engines to operate under stoichiometric conditions due to the three-

way catalytic converter has resulted in the use of a throttle to control the flow rate of intake 

air, and subsequently the power output. Increased pumping losses under part-load 

conditions have a significant effect on efficiency and should be mitigated. Direct injection 

systems provide an opportunity for significant part-load fuel economy benefits when 

operated in stratified mode [59]. Under this mode of operation, fuel is injected very late in 

the compression stroke to provide a flammable mixture in the vicinity of the spark plug, 

but with a globally lean air-fuel ratio. Combustion is therefore controlled by the amount of 

fuel injected, which enables de-throttling of the engine and reduction in pumping losses. 

Although this operating mode has been deployed on some production vehicles [62], its 
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potential has been limited by high cyclic variability and increased emissions of NOx and 

particulates [63]. More commonly, engines are operated in homogeneous mode for which 

the fuel is injected early in the induction stroke to provide sufficient time to provide well-

mixed conditions at the time of ignition. The system pressure of current injection systems 

is approximately 200 bar, but this is expected to increase to above 300 bar in future  

systems [64]. At higher fuel pressures, the spray is more finely atomised with smaller 

droplets that vaporise more readily, leading to a more homogeneous mixture and a 

subsequent reduction in particulate matter emissions [65].  However, there is a compromise 

between higher injection pressures for better atomisation, increased fuel pump work, and 

the risk of fuel impingement on the piston, which can result in ‘pool fires’ and increased 

particulate emissions [66]. The high momentum of the fuel plumes entrains air and 

encourages significant charge motion, which is an important factor in mixture preparation. 

 

1.2.4 Combustion in SI engines 
 

In SI engines, combustion typically occurs with a premixed air-fuel mixture in a turbulent 

flow field. By the time of ignition, the flow field near the spark plug is highly turbulent due 

to the breakdown of the bulk flow motion and the action of the squish regions. For DISI 

engines under homogeneous operation, fuel is injected early in the induction stroke to 

provide sufficient time for air-fuel mixing, which is also aided by the turbulent flow field. 

The air-fuel mixture is ignited by the electrical discharge between the electrodes of a spark 

plug, which is typically located centrally in the centre of the cylinder head. After initiation, 

the flame consumes the surrounding flammable mixture and expands rapidly to fill the 

combustion chamber. The growth rate of the flame and its structure are extremely important 

in engine performance and the production of emissions [37]. 
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A premixed flame can be described as a thin reaction region that separates the burnt gas 

and unburnt mixture, shown by the temperature profile in the left-hand image of Figure 1.7. 

The majority of the thermal energy is produced in the reaction zone, which then heats up 

the unburnt mixture through conduction, resulting in further oxidation reactions and 

propagation of the flame front. The laminar flame speed, SL, is the speed at which the flame 

front travels through the unburnt mixture and depends on the chemical properties of the 

mixture and the local thermodynamic conditions. However, the flow field surrounding the 

spark plug is highly turbulent, which acts to significantly increase the rate of flame growth; 

this is known as the turbulent flame speed, ST. Turbulence wrinkles and distorts the smooth 

laminar flame front, effectively increasing its surface area, which is the cause of the 

increased growth rate. A schematic of a turbulent flame is provided in the right-hand image 

of Figure 1.7. Although globally a turbulent flame travels several times faster than a laminar 

flame, the local flame front travels at the laminar flame speed as the reaction chemistry is 

unaffected by turbulence. The scaling of turbulent flame speed with turbulence intensity is 

essential for the operation of SI engines as it ensures that combustion occurs sufficiently 

quickly over a large speed range.  

  

Figure 1.7 Images demonstrating flame temperature distribution (left, adapted from [36]) and structure  
(right).  

 

It is clear that the in-cylinder flow field plays a crucial role in the combustion performance 

of an SI engine due to the requirement of sufficient generation of turbulence at the time of 
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ignition. Furthermore, cyclic variation in the bulk flow motion is known to be a cause of 

combustion cycle-by-cycle variations (CCV); the direction of the bulk flow near the spark 

plug dictates the movement of the early flame kernel. If the flame is convected towards the 

walls of the combustion chamber, or the electrodes of the spark plug, excessive heat losses 

can result in flame quenching, and subsequently partial burns or even misfires. DISI 

engines operated in stratified mode are particularly susceptible to CCV due to strong 

velocity gradients near the spark plug induced by the fuel spray [67]. 

 

1.3 Optical Diagnostics in Engine Research 
 

The complex interactions between the underlying physical and chemical processes during 

a firing cycle in internal combustion engines have been a topic of research since they were 

first developed in the late 19th century [68]. Optical engines provide visualisation and 

quantification of these processes. The most notable early optical study was by Rassweiler 

and Withrow in the 1930s, who developed a side-valve engine that provided a complete 

view of the combustion chamber with the use of quartz plates. Modern optical engines are 

designed to be representative of a realistic combustion system, while providing maximum 

optical access. The introduction of high-speed, digital photodetectors and high-power lasers 

in the 1970s allowed in-cylinder phenomena to be studied in ever-greater detail [69], [70]. 

These technologies have advanced such that planar measurements can be acquired at rates 

greater than 10 kHz [71], and provide insights that would otherwise be impossible to attain. 

Such data are of vital importance, not only in the study of the fundamentals of combustion 

but also in the feasibility analysis of new combustion systems [72], [73].  

 

Optical techniques have been developed, and often combined, to study most parts of the 

engine cycle in detail; in-cylinder fuel and temperature distributions have been measured 
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using Planar Laser Induced Fluorescence (PLIF) [74]–[78], fuel sprays have been 

characterised using schlieren imaging and Mie scattering [79], and combustion has been 

analysed using high-speed imaging [80]–[82]. For in-cylinder velocity measurements, 

Laser Doppler Anemometry (LDA) and Particle Image Velocimetry (PIV) have both been 

used, although PIV is now the most common technique for this purpose. Chapter 3 provides 

a more detailed discussion of in-cylinder flow measurement techniques, and PIV in 

particular. 

 

In addition to fundamental studies of engine operation, optical diagnostics have also been 

extremely useful in providing measurements for the validation of simulations. 

Computational fluid dynamics (CFD) is widely used in the automotive industry to aid the 

design of new combustion systems and reduce the cost of engine development  

[73], [83]–[86]. Therefore, extensive validation of numerical models used in the 

simulations is essential to maximise the utility of CFD in the design process. Optical 

engines are necessary to provide the measurements required for validation [87]–[89]. 

Experimental databases, such as the those made by the Engine Combustion Network 

(ECN), have been setup to ensure the availability of high-quality validation data for several 

standard test conditions. Another example is the Transparent Combustion Engine (TCC-

III) at the University of Michigan, which is a simplified 2-valve engine with a flat 

combustion chamber that has been specifically designed to aid the validation of LES 

simulations of in-cylinder processes [90].  

 

The generation of validation data is a challenge; however, there is also the question of how 

that data is used to compare measurements and simulation. In some cases, well-defined 

criteria are used to simplify the comparison between models and experiments; an example 



  Introduction 

 19  

of this is the explicit definition of Lift-off-Length (LOL) and Ignition Delay (ID) by the 

ECN to quantify model validation. For the validation of in-cylinder flow simulations, this 

can be more difficult. The work in this thesis investigates existing methods of quantifying 

the differences between in-cylinder flow fields and develops a new set of metrics that 

separate the contributions from differences in alignment and flow speed. These metrics are 

also combined to provide a third metric that is able to capture the overall difference between 

two flow fields. The utility of these new metrics is demonstrated in the validation of RANS 

engine simulations and investigations of the effect of in-cylinder flow on early flame 

development.  

 

1.4 Thesis Overview   
 

A brief overview of this thesis is provided in the following section. It consists of six 

chapters that cover the outline of the experimental equipment (Chapters 2 and 3), the 

development of analysis techniques (Chapter 4), and the discussion of analysis and results 

(Chapters 5 and 6). Each chapter begins with a brief introduction and a discussion of the 

current literature. 

 

Chapter 2 outlines the optical DISI engine test facility used throughout this thesis. The 

combustion system is based on Jaguar Land Rover’s Ingenium family of SI engines and it 

offers a range of optical access, as well as boosting and a continuously variable valve lift 

system. 

 

Chapter 3 provides a detailed description of the PIV technique and the current high-speed 

system installed on the optical engine. A summary of methods used to maximise the quality 

of the measurements is also provided. 
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Chapter 4 outlines current methods used for quantifying differences between velocity 

fields. A discussion of the issues with a common metric, the Relevance Index (RI), in 

analysing rotating structures is provided, before the development of modified metrics is 

presented. The Weighted Relevance Index (WRI) and the Weighted Magnitude Index 

(WMI) are used to quantify differences in alignment and magnitude separately. These are 

then combined to form the Combined Magnitude and Relevance Index (CMRI), which 

accounts for both differences in flow speed and alignment.  

 

Chapter 5 demonstrates the use of the WRI, WMI and CMRI in analysing the differences 

between simulated and measured flow fields in a DISI engine for three test conditions. A 

number of different flow features are highlighted by the metrics and analysed in detail. 

 

Chapter 6 investigates the effect of the in-cylinder flow field on cyclic variation in 

combustion. The metrics are used to highlight regions of the flow that are most different 

between subsets of fast and slow burning cycles, which are then analysed on a cycle-by-

cycle basis. 

 

Chapter 7 summarises the work presented in this thesis and suggests directions for further 

investigations that would improve the understanding of the effect of in-cylinder flow fields 

on engine operation. 
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2 Experimental Facilities 
 

2.1 Single Cylinder Optical Engine 
 

The combustion system of the optical engine is provided by Jaguar Land Rover and is based 

on the specification of the Ingenium family of petrol engines. The optical engine 

specification is shown in Table 2.1. 

Table 2.1 Optical engine specification. 

Displacement (cc) 512 
Bore (mm) 85.0 
Stroke (mm) 90.3 
Compression Ratio 9.8* 
Max. Operating Engine Speed (rpm) 2000 

* Refers to operation with flat-topped piston (non-production) 

The combustion system for the optical engine is designed to be as similar as possible to that 

of the production engine; however, some differences are necessary to provide optical 

access. For example, the optical engine has a bore of 85 mm, which is larger than the  

83 mm bore of the production engine to accommodate the additional space required for 

optical components. Furthermore, the mechanical properties of the optical components are 

different to those of an equivalent thermal engine, which may result in different in-cylinder 

conditions. However, these are necessary compromises in order to obtain in-cylinder 

measurements. A range of optical access is offered with a choice of three different cylinder 

liners: a full steel barrel, a short steel barrel with transparent annulus, and a transparent 

quartz liner. Figure 2.1 shows annotated views of the cylinder liner and Figure 2.2 is a 

schematic of the test cell.  
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Figure 2.1 Labelled images showing a detailed view of the cylinder liner. 

 

Figure 2.2 Schematic of the engine test cell. 
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2.1.1 Base engine and cylinder head support  
 

The bottom end of the engine has a marked flywheel with crank angle resolution and is 

mounted on a DC dynamometer with a Control Techniques Four-Quadrant controller for 

speed or torque control. Engine timing signals are required for both the LabView-based 

Engine Timing Control System (ETCS) and data acquisition system. A shaft encoder 

mounted on the crankshaft at the front of the engine with a resolution of ¼ °ca provides 

360 pulses per revolution for the data acquisition and ETCS systems. A bespoke toothed 

wheel is mounted on the flywheel to provide the timing signals for synchronisation of the 

Engine Control Unit (ECU). 

 

The support structure for the cylinder head, shown in Figure 2.3, permits either the inner 

pair or outer pair of columns to be removed to allow greater flexibility in terms of optical 

access to the cylinder.  

 

Figure 2.3  Images showing the engine support structure with all columns in place (left) and two inner 
columns removed (right). 

  

A drop-down cylinder system [91] is used to facilitate interchangeable cylinder liners. The 

liner sits on a support ring that registers on two columns, which are bolted to the top surface 
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of an annular piston in the engine base. During engine operation, nitrogen at a pressure of 

20 bar is used to lift the piston and seal the liner to the cylinder head. When a change of 

cylinder is required, the ram system is disengaged, and the support ring is rotated so that it 

drops between the two columns. An extended Bowditch piston [92] is used with a quartz 

piston insert and a 45° mirror to provide optical access from below the combustion 

chamber. The extended piston adds significant mass to the crank and slider mechanism and 

limits the speed of the engine to 2000 rpm. A sliding mirror bracket allows the mirror to be 

easily removed and cleaned during experiments. A Thor Labs goniometer provides fine 

control of the orientation of the mirror, allowing ±15° in either direction.  

 

2.1.2 Cylinder liners 
 

The cylinder head has been designed with a curved recess to replace the pent roof windows 

commonly used in optical engines. This allows an uninterrupted view of the pent roof of 

the combustion chamber, including the spark plug and fuel injector. As a result, the cylinder 

liners have a matching profile, as shown in Figure 2.4. There are three liners available that 

offer varying degrees of optical access: full steel, short steel with annulus, and full quartz. 

Due to the extreme conditions in the combustion chamber during a firing cycle, there must 

be a compromise between optical access and realistic operation. The fully transparent liner 

provides full view of the cylinder; however, as it is not cooled, there is increased risk of the 

piston rings melting during extended operation. The combination of a short steel liner with 

a transparent annulus provides optical access to the spark plug and fuel injector, but also 

has an internal cooling jacket that allows the engine to be operated under firing conditions 

for extended periods. Although, the full steel liner can be run at conditions most 

representative of a thermal engine, it only offers optical access through the transparent 

piston insert. 
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Figure 2.4  Photographs of the cylinder liners available for use in engine: Full steel (top left), full quartz 
(top right), and quartz annulus (bottom). 

  

2.1.3 Pistons 
 

There are two types of titanium piston, shown in Figure 2.5, that can be used in the optical 

engine: a low ring-pack piston and a high ring-pack piston. If the short steel liner and 

annulus are in use, a low ring-pack piston must be used to prevent the compression rings 

crossing the boundary between the liner and the annulus. This piston has a larger crevice 

volume than the high ring-pack piston and so the effective compression ratio is reduced. 

 

Torlon piston rings are used instead of metal rings due to the lack of oil lubrication. There 

are two sets of two compression rings and one larger ring located below that guides the 
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piston in the cylinder. The cooling jacket in both short and full-length steel liners prevents 

the temperature of the cylinder wall damaging the rings, however they have been known to 

melt in the full quartz liner. 

 

Several optical techniques require optical access from below the combustion chamber 

through the piston crown, for which quartz piston inserts are used. A retainer is unscrewed 

using a custom tool allowing the metal blank to be removed and swapped with the quartz 

equivalent, as shown in the lower image of Figure 2.5. When using the quartz insert, a brass 

retainer is used to compensate for the very low coefficient of thermal expansion of fused 

silica (quartz).  

 

 

Figure 2.5  An exploded view of the high ring-pack piston and associated components (top), and an image of 
the low ring-pack piston with transparent quartz piston insert (bottom).  
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The piston shown in Figure 2.5 is the standard flat-topped piston, that is commonly used in 

optical engines. The testing in this thesis has been completed using pistons that have shaped 

crown features in order to better represent those used in production engines. The three 

different designs, named A, B and C, are shown in Figure 2.6. 

 A 

 

B 

 

C 

 

Figure 2.6 Photographs of the pistons with shaped crown features. 

  

Pistons A and B are very similar in shape, with the only difference being a slight removal 

of material on the outer edge of the pop-up. This is to represent material that is present on 

the cylinder head of the production cylinder head but has been removed from the optical 

cylinder head due to the constraints of ensuring optical access to combustion chamber. The 

pop-ups on piston C have additional material that increases the effective compression ratio 

in comparison to pistons A and B. 
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It was necessary to ensure that the piston crown features were orientated such that the pop-

ups were aligned with the pent-roof. For the flat-topped piston assembly, the piston is 

screwed directly onto the Bowditch extension, which is then clamped to the lower piston 

connected to the crankshaft. For the shaped piston assemblies, two spacers are required to 

control the clearance between the piston top-land and the cylinder head, and also the 

orientation of the crown features, as shown in Figure 2.7. The clearance between the 

cylinder head and the piston was measured using a soft, malleable material (i.e solder or 

‘Play-Doh’) that was placed on the piston top-land, as shown in the right-hand image of 

Figure 2.7. The engine crank was then manually rotated, causing the piston to cross TDC, 

which resulted in the deformation of the malleable material. Its thickness provided the 

clearance between the piston and cylinder head, for which a spacer of the correct 

dimensions was manufactured. This spacer was then inserted between the bottom-end 

piston and the Bowditch extension. 

         

Figure 2.7  A schematic of the Bowditch piston assembly with the required spacers for the shaped pistons 
(left) and a photograph showing the method used for measuring the clearance between the 
cylinder head and the piston (right). 
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To ensure the correct orientation of the piston features, another spacer was required; this 

was inserted between the Bowditch extension and the piston to control its rotation. In order 

to calculate the thickness of spacer required to achieve the correct rotation, an aluminium 

block was machined to fit the piston crown features. This was then clamped to the piston 

surface using a bolt and a length of hollow aluminium bar, as shown in the left-hand image 

of Figure 2.8. The block provided a flat surface that was used to measure the required angle 

of rotation, from which the thickness of the spacer could be calculated. The tolerance on 

the thickness of the spacer was such that ± 4 μm resulted in ± 1° rotation of the piston due 

to the screw thread, therefore the aluminium spacers were ground. The right-hand image in 

Figure 2.8 shows the resulting spacer installed between the Bowditch extension and the 

piston crown. 

 

 

 

Figure 2.8   Photographs showing the method used for measuring the required thickness of the spacer (left) 
and the spacer installed in the piston assembly (right). 
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2.1.4 Cylinder head 
 

The spark plug and fuel injector are located in close proximity in the centre of the chamber 

as shown in Figure 2.9. The in-cylinder pressure transducer is mounted flush to the cylinder 

head via a tapping in the chamber roof. Passages have been machined in the cylinder head 

to provide access to the inlet valve guides in order to measure the valve lift using Sensitec 

Tooth Sensor modules. The steel inlet valves have a ribbed section along the shaft that 

passes the tip of the sensors and interacts with the sensor element through the Giant 

MagnetoResistive Effect. A signal conditioning unit converts the raw signal to valve lift 

before it is logged by the DAQ system. These sensors have a refresh rate of 80 kHz and an 

absolute accuracy of ± 20 μm for a maximum valve lift of approximately 10 mm. To 

operate correctly, the sensors must be installed such that the tip is as close as possible to 

the ribbed section of the valve. Care must be taken during installation to avoid any contact 

between the valve stem and sensor tip as this will result in destruction of the sensor. 

Furthermore, thermal expansion of the sensor housing due to continual operation of the 

engine can result in contact and subsequent damage to the sensor. 

 

There are three coolant ports in the cylinder head, two of which have been used as an inlet 

and outlet. The third is used as a vent and a thermocouple has been installed. A heater with 

a thermostat preheats the coolant, and temperature is controlled to within ± 1 K by a heat 

exchanger and proportional valve with PID control that can by-pass the heat exchanger. 
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Figure 2.9 A labelled view of the cylinder head. 

2.1.5 Gaskets 
 

The curved profile of the top surface of the liners requires a curved gasket to provide the 

seal with the cylinder head. In order to shape the gaskets appropriately, plastic models of 

the curved surface and the corresponding cylinder head recess were fabricated in a 3D 

printer. PTFE-based gasket material (Garlock) is then clamped between the two pieces for 

a length of time and excess material removed with a scalpel. The result is a gasket that 

approximately matches the shape of the cylinder profile and retains its shape after use, as 

shown in Figure 2.10. 

 

 Figure 2.10 Photographs demonstrating how clamps and 3D printed parts are used to shape the PTFE-
based gaskets (left), and the resulting shape of the gasket matching the curved profile of the 
cylinder liner (right). 
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2.1.6 Intake system 
 

The intake system is designed to run in naturally aspirated (N/A) or boosted mode, as 

selected by a 3-way valve; for N/A mode, the air is taken from the test cell through a filter. 

For the boost system, air is supplied by a large tank of compressed air. After the 3-way 

valve, whether in N/A or in boosted mode, the air is drawn though a Roots type positive 

displacement flow meter which measures the air flow rate with an accuracy of ± 0.5%. The 

pressure and temperature in the air meter are also measured to allow the calculation of the 

air mass flow rate. A length of aluminium tube connects the air meter to a Bosch electronic 

throttle body, which is bolted to a 25 litre plenum. A 1.5 kW air heater is located between 

the throttle body and plenum so that the heating element protrudes into the plenum to 

provide heated intake air. An exposed junction thermocouple is inserted into the intake 

runner and provides the feedback signal for closed loop PID control of the intake air 

temperature to within ± 1 K. A Druck PDCR A20-0800 pressure transducer measures the 

air pressure in the plenum. There is also a Kistler type 4075A10 pressure transducer and 

second K-type thermocouple installed in the intake runner for monitoring the intake air 

pressure and temperature directly before the inlet valves. 

 

For boosted operation, the pressure of the intake air is regulated before flowing through the 

air meter. This pressure regulator sets the maximum desired intake pressure and the throttle 

then provides closed-loop PID control of the intake air pressure. Figure 2.11 shows pressure 

traces for a range of boost pressures. 
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Figure 2.11  Plots showing the pressure traces for a range of inlet pressures from -0.5 bar gauge to +0.5 bar 
gauge, highlighting in-cylinder pressure during induction (left) and peak pressure (right). The 
labels denote the intake air pressure for the pressure trace directly above. 

 

2.1.7 Modular cam system 
 

The engine is designed to operate with two different cam systems; a roller finger follower 

(RFF) system and a continuously variable valve lift (CVVL) system. Both systems allow 

cam phasing with a total range of 50°ca advance for the intake and 48°ca retard for the 

exhaust. However, only the CVVL unit provides the flexibility of variable valve lift.  

 

Cam Phasing System 

The cam phasing system consists of a pulley with internal oil galleries that is mounted on 

each of the camshafts, both of which are shown in Figure 2.12. Within the pulley there are 

vanes that split each of the galleries and allow the pulley to rotate relative to the camshaft. 

A solenoid plunger valve controls the flow of oil between the galleries and the cam carrier. 

To vary the cam timing, the ECU sends a PWM signal to the solenoid operated spool-valve 

that opens the correct port, allowing oil to travel from the inlet to the correct groove in the 

camshaft journal, which has an internal passage that is connected to the appropriate oil 

gallery in the pulley. The difference in pressure across the vane in the pulley results in 
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rotation relative to the camshaft. The oil supply for the cam phasing system is provided by 

an external oil circuit to the engine in order to provide external control of oil pressure. 

 

Figure 2.12 Oil gallery ports in the pulley (left) and oil passages in the camshaft (right). 

 

CVVL System 

The CVVL system installed on the intake system is based on the electro-hydraulic 

UniAirTM system similar to that found on JLR’s Ingenium engines and utilises pressurised 

volumes of oil to actuate the valve. Figure 2.13 shows a schematic of the CVVL system to 

aid the following description of its operation.  
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Figure 2.13 Schematic of the CVVL system installed on the intake valvetrain. 

 

Oil is pressurised by a camshaft with a roller-type finger follower mechanism. The initial 

chamber is connected to two separate chambers through a solenoid-controlled switching 

valve. If the switching valve is open, oil flows through the switching valve to an 

intermediate-pressure chamber with a pressure accumulator, and the intake valve remains 

closed. When the switching valve is closed, the high-pressure chamber connected to the 

intake valve is filled with oil and acts as a rigid element, actuating the intake valve. In this 

way, by controlling the state of the switching valve and hence the volume of oil in the high-

pressure chamber, the valve lift and duration can be varied in a continuous manner. 

Furthermore, both intake valves can be operated independently of each other. Figure 2.14 

demonstrates the operation of the CVVL system when the opening time is kept constant 

and the closing time is varied, resulting in a range of lift durations.  
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Figure 2.14 Plots demonstrating examples of various valve lifts using the CVVL system. Each colour 
represents a different angle of valve closing. 

 

2.1.8 Oil system 
 

The main oil circuit uses a dry sump system. Oil from the engine is drained to the sump, 

which is then pumped to a reservoir where it is separated from any gases. The oil is then 

pumped from the reservoir back to the engine. A separate circuit with an external pump is 

used to pressurise the oil for the cam phasing system to 3 bar and is regulated by a Sun 

Hydraulics high flow rate pressure regulator. For certain optical experiments, particularly 

those using Laser Induced Fluorescence (LIF), oil cannot be used to lubricate the cam 

system in case it enters the combustion chamber. Oil droplets fluoresce very strongly and 

produce LIF signals of greater magnitude than those of interest. For this reason, the 

hydraulic tappets that keep the cam in contact with the rocker have been replaced with solid 

tappets. The solid tappets are measured lengths of silver steel that replace the spring and 

piston components of the hydraulic tappet. They have been designed to provide a clearance 

of 250 µm.  
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2.1.9 Fuel system 
 

Separate direct injection and port fuel injection systems are installed on the engine. The 

PFI injector is mounted in the intake runner, directly upstream of the inlet valves. The fuel 

tank for the PFI system is connected to a supply of nitrogen via a pressure regulator with 

which the fuel pressure can be set. 

 

An external system is used to pressurise the fuel for the direct injection system to a 

maximum of 300 bar, which is limited by the structural design of the small reservoir located 

immediately before the injector. The injector itself is mounted vertically in the cylinder 

head, and its location in the combustion chamber can be seen in Figure 2.9. A schematic of 

the direct injection fuelling system is shown in Figure 2.15. The pump used in the system 

is a free piston, air-driven pump made by Heypac. Compressed air is supplied to the pump 

via a manual pressure regulator and a solenoid valve. Through the action of the pump, fuel 

is drawn from the tank, pressurised by a ratio of 40:1 and transferred to the injector through 

a short length of stainless-steel pipe. A low-pressure priming system is also installed to 

provide a method of purging the system when a change of fuel is required.  

 

Figure 2.15  A schematic of the main fuel system (red) and the priming circuit (blue). 

 

 A Kistler type 4065B0500 pressure transducer is used to log fuel pressure on the high-

speed DAQ system and a stock production pressure transducer provides fuel pressure for 
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the ECU. Two lambda sensors are mounted on the exhaust manifold; one that is logged by 

the LDAQ system and the other is connected to the ECU.  

 

2.2 Pressure Measurements 
 

A range of piezoelectric and piezoresistive transducers are used to measure pressures in the 

optical engine. A Kistler type 2621F pressure transducer cooling unit is used to keep the 

temperature of the in-cylinder, exhaust and barrel pressure transducers constant at 30 °C to 

prevent damage. A list of the specific sensors is provided in Table 2.2. 

Table 2.2 List of the Kistler pressure transducers installed on the optical engine. 

Type Measuring 
4075A10 Intake pressure 
4075A10 Exhaust pressure with type 7533 cooled 

switching adaptor 
4075A5 BDC reference pressure 
4065B0500 Fuel pressure 
6043A60 In-cylinder pressure 

 

The signals produced by the pressure transducers are sent to an amplifier module (Kistler 

Type 4665) in the Signal Conditioning Platform (SCP) to be conditioned before they are 

transferred to the data acquisition card via BNC cables. The SCP is connected to a PC with 

a RS-232C serial cable in order to modify settings for the amplifier modules using the SCP 

software interface. 

 

The intake, exhaust and barrel pressure transducers were calibrated with a vacuum pump 

and manometer, whereas the in-cylinder and fuel pressure transducers were calibrated with 

a dead-weight tester. The calibration plot of the exhaust pressure transducer and the 

resulting scatter are shown in  

Figure 2.16 as an example.  
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Figure 2.16  Calibration of the exhaust pressure transducer (top) with scatter from the fitted line (bottom). 

 

Pressure measurements are also commonly used to derive the mass fraction of fuel burned 

(MFB) using the method developed by Rassweiler and Withrow. MFB has been used in the 

analysis in Chapter 6, therefore a brief outline is provided here; however, a more detailed 

description can be found in [37]. This method combines the inferred in-cylinder volume, 

using the crank encoder signal, and in-cylinder pressure measurements to calculate the 

progress of combustion. The incremental increase of pressure, ∆𝑝, as measured by the in-

cylinder pressure transducer at each crank angle, 𝜃,  is assumed to be due to two processes: 

• Compression due to the motion of the piston, ∆𝑝) 

• Combustion of the fuel, ∆𝑝$ 

such that, 

 ∆𝑝 = 	∆𝑝) +	∆𝑝$ (2.1) 
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Hence, to find ∆𝑝$, the pressure rise due to compression, ∆𝑝), is assumed to be a polytropic 

process with a polytropic index, 𝑛, as shown in Equation 2.2.   

 𝑝&𝑉&/ = 	 (𝑝& +	∆𝑝),&)	𝑉&34/  (2.2) 

 where 𝑉& and 𝑉&34 denote the cylinder volume between consecutive crank angles, 𝜃& 

and 𝜃&34. 

 

By re-arranging Equation 2.2 and substituting it into Equation 2.1, the rise in pressure due 

to combustion at a given crank angle, ∆𝑝$,&, can be found: 

 
∆𝑝$,& = 	 𝑝&34 	−	𝑝&	6	

𝑉&
𝑉&34

7
/

 
(2.3) 

 

To account for the fact that combustion is not occurring at constant volume, ∆𝑝$,&  is 

normalised at each time step by the volume at TDC, as shown in Equation 2.4. 

 ∆𝑝$,&∗ = 	𝑝$,& 	6	
𝑉&
𝑉9:;

7 (2.4) 

From this, the mass fraction burned, 𝑥, which ranges from 0 to 1, can be calculated using 

Equation 2.5. 

 
𝑥 = 	

∑ ∆𝑝$,&∗ 	&
&>?

∑ ∆𝑝$,&∗ 	@
&>?

 
(2.5) 

where 𝑁  is the total number of time steps over which mass fraction burned is 

calculated. 

 

There are a number of assumptions that are associated with this method; for example, the 

analysis is sensitive to the value of the polytropic index, 𝑛. This is typically calculated from 

a logarithmic pressure-volume plot of a portion of the compression stroke, however this 

can lead to a characteristic drop in MFB due to heat losses and differences in composition 
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between burned and unburned gases. To account for this, the polytropic index has been 

calculated separately for the compression and expansion strokes, as suggested by [37].  

 

Common indicators derived from the calculation of MFB are CA10, CA50 and CA90, 

which are defined as the time taken for 10%, 50% and 90% of the fuel to be burnt 

respectively. Another common indicator of the rate of combustion is the time taken from 

CA10 to CA90, defined in this work as CA10-90. 

 

2.3 LabView DAQ and Control Systems 
 

Currently two LabView programs are required to operate the engine and log data. The 

Engine Timing Control System provides control of the ignition and fuel injection systems, 

and also provides TTL pulses that are used to trigger optical equipment such as cameras, 

LEDs and the PIV system. There are two National Instruments cards for low speed  

(LDAQ – NI PCI 6024E) and high speed (HDAQ – NI PCI MIO 16E 1) data acquisition. 

The HDAQ high frequency data, such as in-cylinder pressure, are logged every crank angle 

degree whereas the LDAQ logs parameters such as engine torque, speed and temperatures 

at 10 Hz. 

 

2.4 OpenECU and INCA Control Software 
 

A flexible ECU has been installed in the test cell to control the cam phasing and CVVL 

systems. The models required by the ECU are developed in a Simulink environment and 

can be modified by the user. It connects to the control PC with a CAN bus interface and 

uses ETAS engine calibration software, INCA, as the user interface. 
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2.5 Summary 
 

This chapter provides a detailed description of the optical engine and its auxiliary systems. 

The optical engine test cell facility developed over the course of this work offers the 

potential for using a range of optical diagnostic tools to measure in-cylinder phenomena. 

The intake system also offers variable valve lift and the option of boosting to provide a 

wide range of operating conditions.  

 

The following chapter provides an overview of the particle image velocimetry (PIV) 

technique and a description of the system installed on the optical engine.
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3 Particle Image Velocimetry  

3.1 Introduction  

In applied fluid mechanics, the need for quantitative flow field measurements has always 

been present. This chapter provides a brief overview of the techniques traditionally used to 

measure fluid velocities and introduces particle image velocimetry (PIV); a technique that 

can provide multi-dimensional, non-intrusive velocity measurements over a large region of 

interest. The theory behind PIV and its practical setup are then discussed in detail. This is 

followed by a comprehensive description of the PIV system used to measure flow fields in 

the optical engine used in this work. Practical difficulties that are specific to the application 

of PIV to optical engines are discussed and improvements to the experimental setup are 

presented. 

 

3.2 Velocity Measurements in Fluids  

In the study of fluids, qualitative flow visualisation techniques, such as the addition of dyes, 

particles and smoke to fluids, have been commonly used in the past and provide useful 

insights into flow behaviour over the whole domain. However, quantitative flow 

measurements are essential in both research and industrial applications. In internal 

combustion engines, the air motion generated by the induction process has a significant 

effect on fuel-air mixing and combustion, which dictate engine performance and emissions 

[37]. Quantitative flow measurements provide valuable information required to optimise 

the design of the cylinder head and intake system. The use of Computational Fluid 

Dynamics (CFD) in the design process is now widespread, hence there is a need for 
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quantitative measurements to validate the underlying models and provide direction for 

improvements. 

 

Three techniques used for measuring velocity fields in fluids are hot wire anemometry 

(HWA), laser Doppler anemometry (LDA) and particle image velocimetry (PIV). A brief 

discussion of the two former methods is given before a thorough description of PIV is 

provided.   

 

3.2.1 Hot wire anemometry  

Hot wire anemometry is a flow measurement technique that infers the velocity of a flow by 

measuring the heat transfer from a small length of wire to the surrounding fluid. The 

relationship between the fluid velocity and heat lost from the wire can be found with careful 

calibration under known conditions. Using a probe with a single wire nominally provides 

a measurement of a single component of the fluid velocity in a measurement volume 

defined by the dimensions of the probe. However, there will be contributions from the two 

orthogonal flow velocities. Therefore, a probe with multiple sensing elements orientated 

perpendicular to each other is required to obtain multi-component measurements. Examples 

of HWA probes are shown in Figure 3.1. Arrays of sensing elements have also been used 

to take simultaneous measurements at more than one location. However, the increased size 

of the probe and its complex configuration can significantly disturb the flow of interest and 

introduce errors in the measurement.  
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Figure 3.1 HWA probes measuring one (left) and two (right) components of velocity. 

 

One of the main advantages of this technique is that the output from the sensor is an 

analogue signal, therefore measurements can be recorded with very high temporal 

resolution. This is extremely useful in studies of turbulent flows that are characterised by a 

mean component and superimposed high-frequency, fluctuating components [93] [94]. The 

diameter of the wire is typically in the order of 5 µm and its length is in the order of several 

millimetres, which defines the measurement volume.  

 

HWA has been used successfully to study turbulence in flow fields due to its relatively low 

cost and simplicity. However, the development of high-power lasers in the 1970s provided 

a non-intrusive method of quantifying the flow field. Although laser-based techniques lack 

the high temporal resolution of HWA, they provide a spatially resolved measurement that 

does not disturb the flow and cannot be contaminated or damaged by harsh environments. 

Laser Doppler anemometry (LDA) is one of the most common laser-based methods for 

point-wise velocity measurements and has been extensively used in applied fluid mechanics 

research [95]. 
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3.2.2 Laser Doppler anemometry 

Laser Doppler anemometry, or alternatively laser Doppler velocimetry (LDV), uses the 

scattered light from a particle moving through an interference fringe to infer the velocity of 

a fluid. The most common setup of LDA uses two coherent laser beams to create an 

interference pattern in the measurement region. The fluid is seeded with particles that 

randomly pass through the set of fringes and scatter light, which is then recorded by a 

photodetector. The frequency of the scattered light is a function of the fringe spacing, which 

is dependent on the frequency of the incident laser light and the beam angle, and the 

velocity of the particle. The optical layout required for LDA measurements and the form 

of the recorded signal are shown in Figure 3.2. 

 

Figure 3.2  General schematic of the optical setup required for LDA measurements (adapted with permission 
from [37]). 

 

Similar to HWA, LDA is a point measurement technique as a single fringe pattern 

nominally produces a single component of velocity in the measurement volume defined by 

the crossing laser beams. However, realistically, there are contributions from the whole 

flow field. To obtain measurements of multiple velocity components, the orientation of the 

fringe pattern must be changed, which may not be practical due to the limitations of optical 

access. Unlike HWA, LDA produces intermittent measurements as signals are produced 

only when a particle happens to pass through the probe volume. 
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Both LDA and HWA have been used extensively for velocity measurements in flow fields 

[96]. The non-intrusive nature of LDA provided an advantage over HWA, however this 

came with a substantial increase in cost due to the laser equipment and necessary optical 

access. The main disadvantage of both techniques is the lack of simultaneous information 

over the whole flow domain. Particle Image Velocimetry (PIV) is a flow measurement 

technique that is capable of capturing instantaneous, multi-component velocities within a 

plane or volume with high spatial and temporal resolution. This technique is described in 

detail in the following section. 

 

3.3 Theory of Particle Image Velocimetry 

3.3.1 Background 

Particle image velocimetry derives the velocity of a fluid, 𝒖, by measuring the displacement 

of a fluid, ∆𝒙, in a known time, ∆𝑡, according to the relation  𝒖 = 	 ∆𝒙
∆F

. The fluid is seeded 

with particles that are carefully chosen to faithfully follow the flow. These particles are 

illuminated by a pulsed light source, most commonly a laser, that has been formed into a 

sheet. In modern systems, the scattered light is then imaged onto a digital sensor that is 

positioned perpendicular to the sheet. Statistical interrogation methods are then used to 

calculate the displacement of groups of particles between a pair of images, from which the 

velocity is deduced.  

 

PIV is a remarkably diverse technique that has found applications in a large range of 

scientific fields, from visualising the blood flow through a mosquito’s proboscis [97] to 

quantifying convective flows in airplane cabins [98]. The most common setup is two-

dimensional, two component (2D2C) PIV that produces planar measurements of velocity 
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fields. However, it is possible to measure three velocity components in a single plane using 

stereoscopic PIV [99] or in a volume using volumetric PIV [100]. With each added velocity 

component and dimension, the complexity of the experimental setup and cost of the 

additional equipment increases substantially.  

 

Planar PIV has been used in this work, therefore the theory behind this variant of PIV will 

be described in detail in the following section. 

 

3.3.2 Practical overview of PIV 

The layout for a typical planar PIV experiment is shown in Figure 3.3.  

 

Figure 3.3 Layout of a general planar PIV system. 

The main sub-systems that will be covered in this section are listed below: 

• Seeding system 

• Illumination and beam delivery 

• Imaging system 

• Synchronisation and data acquisition 

• Image analysis, validation and post-processing 
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Seeding  

The seeding system plays a crucial role in a PIV experiment. It is important to remember 

that the velocity of the fluid is not measured directly; it is inferred by the measurement of 

the displacement of groups of particles. Therefore, the accuracy of the measurements relies 

on an appropriate choice of tracer and its delivery to the fluid. The ideal seeding particle 

should: 

• perfectly follow the flow 

• remain inert  

• withstand the conditions in the measurement environment 

• scatter sufficient light to produce bright images 

• allow stable and repeatable production in large quantities 

 

The main consideration is the balance between light scattering properties and particle size. 

For example, the first criterion suggests that the particle should be small so that it faithfully 

follows the flow. However, the particle must also be large enough to sufficiently scatter 

light to form bright images on the sensor. The size of the seeding particle and its light 

scattering properties also influence the power requirement of the illumination source.  

 

To investigate the ability of a particle to follow the flow, it is necessary to understand its 

dynamic response to variations in the fluid motion. The motion of a sphere in an unsteady 

flow field for high Reynolds number is complex and has been described by Maxey and 

Riley [101], and modified by Mei [102]. The equation of motion is derived using Stokes’ 

Law and takes into account the properties of the particle and the fluid, body forces, 

momentum history effects and stresses in the surrounding fluid. An important outcome 

from this analysis is the time constant of the tracer particle,	tG, which dictates the frequency 
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at which it can follow the underlying fluid flow. The particle time constant is defined by 

Adrian and Westerweel [103] as: 

 
tG = 	

(rG 	− rH)	𝑑G
J	

18	rHnH	f
 (3.1) 

where rH  is the density of the fluid, rG  is the density of the particle, 𝑑G  is the 

diameter of the particle, 𝜐H  is the kinematic viscosity of the fluid, and f  is an 

empirical function that accounts for the particle Reynolds number.  

 

The particle time constant places a limit on the scales of flows that can measured with that 

tracer. However, Melling calculates that an oil particle of 1 μm  has a frequency response 

of 10 kHz, which is suitable for engine flows [104]. 

 

The choice of seeding particle depends on the fluid that is being investigated and conditions 

of the experiment. In a review of tracer particles for PIV, Melling provides a list of seeding 

particles commonly used for various PIV experiments in liquids and gases [104]. Modern 

PIV experiments in engine-related research are almost exclusively conducted in gaseous 

flows, for which tracer particles typically have diameters of around 1 – 2 μm. Under 

motoring conditions, liquid particles such as silicone oil and vegetable oil are preferred to 

solid particles as they are cheap, non-abrasive to optical surfaces, and can be reliably 

produced in large quantities. 

 

Multi-jet atomisers, such as the Laskin nozzle, are widely used to produce liquid droplets 

as seeding particles for PIV. The action of forcing air through small holes into a reservoir 

of seeding liquid results in small droplets, typically 1 μm in diameter, to be formed. A more 

thorough description of their operation can be found in [104]. 
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Illumination and beam delivery 

The power requirement of the light source is dictated by the scattering properties of the 

seeding particles. The seeding particles used for gaseous flows typically have a mean 

diameter of 1 μm , which require a light source that can produce energies in the range of 1-

100 mJ per pulse to produce bright enough particle images [103] [105]. High-power, dual-

head, pulsed lasers are well suited to this task and are the most common source of 

illumination in planar PIV experiments. That being said, in recent years, the development 

of high-power LEDs has led to their use as a light source [106]–[108]. They are relatively 

cheap in comparison to laser systems and avoid the stringent safety requirements associated 

with Class 4 laser installation. However, one of the main advantages of lasers is low beam 

divergence, which allows easy collimation. In contrast, LEDs have a relatively large beam 

divergence and so forming a sheet with sufficient energy density can be difficult. A 

schematic of a typical dual-head laser is shown in Figure 3.4. 

 

Figure 3.4 Simplified schematic of a dual-head laser typically used in PIV experiments. 

 

In recent years, diode-pumped Nd:YAG or Nd:YLF (Neodymium-doped Yttrium Lithium 

Fluoride) lasers have replaced copper-vapour lasers as the most popular option for high 

speed, planar PIV due to their compactness and efficiency [69]. Nd:YLF lasers produce a 

beam of light at 1053 nm with a diameter in the order of 10 mm. This beam is then 
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frequency doubled using non-linear optical crystals to produce green light at 527 nm before 

it is formed into a sheet. 

 

A combination of spherical lenses is used to focus the beam to provide the appropriate sheet 

thickness. A cylindrical lens is used to expand the beam in a single direction, forming a 

sheet. A typical arrangement of lenses for sheet formation is shown in Figure 3.5 

 

Figure 3.5 An example of sheet forming optics. 

 
Imaging 

The imaging setup defines the size of the of the particle images, which can have a 

significant effect on the error in the final measurement (see Section 3.3.3). Therefore, it is 

important to design the correct system to achieve the optimum particle image diameter, 

which is typically at least 2 - 3 pixels [109].  

 

A lens is required to focus the particle images onto a digital sensor for image acquisition.  

An important property of the lens is the f-number, defined as: 

 
𝑓# = 	

𝑓
𝐷 (3.2) 

where 𝑓 is the focal length of the lens and 𝐷 is the diameter of the aperture.  
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For commercial lenses, there are typically a number of discrete f-numbers available; each 

‘stop’ results in a factor of 2 difference in intensity from the previous stop. To produce 

brighter images, the f-number is decreased, which results in a larger aperture diameter and 

increased exposure for the sensor. However, the f-number also has an effect on the depth 

of field of the image, with higher f-numbers resulting in a greater depth of field. This can 

lead to additional background scatter being focussed onto the sensor, degrading the quality 

of the image. When optimising the imaging system, a compromise must be found between 

the intensity of the particle images, their effective image diameter and the depth of field.  

 

For high-speed applications, the most common methods of image acquisition are CMOS 

(Complementary Metal-Oxide-Semiconductor) and CCD (Charge Coupled Device) 

cameras. The main differences between the sensors are their structure, manufacture and the 

method by which the electrical charge is read out. Although, CCD sensors are generally 

more sensitive, CMOS sensors have become the popular choice for high-speed applications 

due to advances in their manufacture leading to lower costs, while retaining image quality 

[110].  

 

Synchronisation & Acquisition 

 A system is required to ensure that the laser and cameras are triggered at the correct instant. 

A general timing scheme is shown in Figure 3.6. 
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Figure 3.6  General timing diagram for the synchronisation of the camera and laser cavities. The black line 
is the start trigger from the user and the red line denotes when the camera is active. The blue 
line denotes the laser trigger, which results in the light output, shown in green. 

 

This usually requires a timing unit that can trigger the laser and camera with an internal 

clock or by taking an external trigger as an input. This allows the PIV measurements to be 

synchronised to other experimental facilities, for example, the crank encoder mounted on 

an engine.  

 

Correlation analysis  

The method used to calculate the displacements of the tracer particles between two frames 

is dependent on the density of tracer particles in the experiment. Low seeding density 

allows particles to be tracked individually; this is known as Particle Tracking Velocimetry. 

For PIV, the seeding density is increased to improve the spatial resolution of the 

measurements. Therefore, individual particle tracking is no longer possible, and techniques 

are required to estimate the average displacement of groups of particles. A brief overview 

of the theory used for the calculation of velocity fields from multi-frame, single exposure 

PIV is provided here. However, a detailed treatment of the fundamental theory and 

historical development of PIV evaluation methods can be found in [103][109][111]. 
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The general procedure for calculating a velocity field from a pair of recorded frames is 

shown in Figure 3.7. 

 

Figure 3.7 Procedure for extracting velocity fields from particle images. 

 

The images are first divided into discrete regions, known as interrogation windows that 

typically contain 32 ´ 32 pixel. The implementation of the size and shape of the windows 

has a significant effect on the reliability and accuracy of the resulting vector field. 

Advanced interrogation techniques have been developed to manipulate their size and shape 

to minimise errors as discussed in Section 3.3.3. It is also common to overlap the 

interrogation windows to increase the number of vectors in the flow field. The spatial cross-

correlation of corresponding interrogation windows from two frames produces a correlation 

map with a distinct peak located at the mean displacement of the particles in the 

interrogation window. Although it is possible to perform the cross-correlation directly in 

the spatial domain, it is common to transform the images into the Fourier domain using the 

Fast Fourier Transform (FFT) for the calculation. For a square interrogation window of 

length, 𝑁 pixels, using the FFT method results in a reduction in the number of operations 

from 𝑁Q to 𝑁J ln𝑁 [112]. Examples of good correlation and poor correlation are shown in 

the maps of correlation value for 64 ´ 64 pixel interrogation windows in Figure 3.8. 
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Figure 3.8   Maps of correlation value between two 64 ´ 64 pixel interrogation window, demonstrating 
examples of good correlation (left) and poor correlation (right) - correlation maps are taken 
from experiments in the optical engine. 

 

The size, shape and location of the dominant peak provide information about the 

displacement of the particles. An expression for the conditional average of the correlation 

term, 𝑅:(𝒔), for a given flow field is [113]: 

 
〈𝑅:(𝒔)|𝒖〉 = 	 𝐼ZJ	𝑡?J	𝑁[	𝐹[(𝒔)	𝐹](Δ𝑍)	𝐹 (𝒔 − 𝑠:) (3.3) 

where s denotes the displacement in correlation space, 𝐼b is the light sheet intensity, 

𝑡? is a normalisation factor for 𝐹t, 𝑁[is the mean number of particle images in an 

interrogation window (particle image density), 𝐹[ and 𝐹] represent the in-plane and 

out-of-plane loss of correlation, and 𝐹t is the particle image self-correlation.  

 

The location of the peak provides the estimate of the mean displacement of the particle 

images, 𝑠:, in the interrogation window. The amplitude of the peak is proportional to the 

particle image density, 𝑁[ , and the loss of correlation terms 𝐹[  and 𝐹] . These terms 

represent the fraction of particles that remain within the interrogation volume and should 
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be maximised to unity for optimal results. The shape of the peak is related to the 

convolution of the particle image self-correlation, 𝑡?J𝐹t  , and the particle displacement 

distribution. Hence, it is affected by the presence of displacement gradients in the 

interrogation region.  

 

In order to determine the mean displacement of the particle images, the location of the 

displacement-correlation peak must be found. A considerable effort has been made to 

develop methods that locate the particle image displacement with sub-pixel resolution, 

otherwise the accuracy of the technique is severely limited [114]. The most common 

method is a three-point estimator that fits either a parabolic or Gaussian curve to the three 

largest peaks in both directions, as shown in Figure 3.9. A Gaussian curve tends to be the 

most popular as ideal particle images are approximated by Gaussian distributions and it 

performs well [109], [111]. 

 

Figure 3.9 An example of a Gaussian 3-point estimator used to determine sub-pixel displacements (adapted 
from [105]). 
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Data validation and post-processing 

The interrogation analysis produces a spurious vector when the amplitude of the 

displacement-correlation peak is relatively small and lost among the random noise peaks 

(see Figure 3.8). This can occur for a number of reasons including strong spatial velocity 

gradients within an interrogation window, large amounts of background noise and regions 

of high out-of-plane velocities. A robust method of vector validation is therefore necessary 

to remove spurious data and maximise the reliability of the measurement.  

 

One method simply compares the amplitude of the correlation peak with a threshold value; 

if the peak is below the threshold, the result is discarded. A more commonly used method 

of validation, known as the peak detectability, Q, is the ratio between the amplitudes of the 

two highest correlation peaks (𝐶4and 𝐶J), as defined in Equation 3.4.  

 𝑄 =	
𝐶4
𝐶J

 (3.4) 

The higher the value of 𝑄, the more certain the first peak is the correct estimate of the 

displacement. A value close to unity implies that the highest correlation peak is almost 

indistinguishable from the noise. These methods alone are not robust and should not be the 

only method of validation applied [103]. 

 

More robust methods such as histogram analysis and median testing consider more than a 

single interrogation result. Median testing involves the comparison of each velocity vector 

to the median of the surrounding velocities [115]. The median is preferred to the mean in 

this case as the mean is strongly skewed by spurious velocities, whereas the median is less 

affected. The deviation of a measured velocity from the median of the neighbouring eight 

velocities is calculated and normalised [116]: 
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	𝒓 = 	

|𝒖? − 𝒖f|
𝒓𝒎 + 	𝜎

 (3.5) 

where 𝒖? is the measured velocity vector under investigation, 𝒖f is the median of 

the neighbouring vectors, 𝒓f is the median of the deviations of all the neighbouring 

vectors, 𝒓& such that 𝒓𝒊 = |𝒖𝒊 − 𝒖𝒎|, and s is an offset to improve the performance 

for low levels of fluctuation.  

 

The disadvantage of this method is that an appropriate threshold must be selected to remove 

spurious vectors. However, the normalisation has been shown to make the value of 𝒓 

relatively insensitive to experimental conditions and so a universal value of 2 is suggested 

[116]. 

 

The validation process is iterative; if a vector is rejected by the methods described above, 

it is possible to replace it using alternative correlation information (2nd, 3rd or 4th highest 

correlation peaks) or interpolation of the surrounding vectors.  

 

3.3.3 System design and minimisation of error 

The measurement accuracy of the PIV technique is dependent on a number of factors that 

range from experimental limitations to the statistical evaluation of the particle images. 

Calculating velocity 𝒖 using the simple relation, 𝒖 = 	 ∆𝒙
∆F

, requires measurement of the 

displacement, ∆𝒙, and control of the time separation between illumination pulses, ∆𝑡. The 

error in the time delay is dictated by hardware limitations associated with the laser and can 

be reduced to as little as 50 ns [117]. For engine experiments, a typical value of ∆𝑡 is 20 

µs, therefore the error in the time delay can be as low as 0.25%. Similarly, the error in the 
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measurement of the displacement, ∆𝒙, must also be minimised for accurate and reliable 

velocity measurements. The main sources of uncertainty in the measurement are: 

• Loss of particles from an interrogation volume 

o In-plane 

o Out-of-plane 

• Velocity gradients in an interrogation volume 

• Particle image diameter, 𝑑` 

• Particle image density, 𝑁[ 

• Background noise in particle images 

 

Minimisation of these sources of uncertainty can be achieved by optimising experimental 

parameters for a given experiment. In order to define optimal experimental parameters for 

the interrogation analysis, Monte Carlo methods have been used to simulate the 

displacement particle images for a large range of different conditions, such as varying 

particle image density, particle image diameter and local particle displacement gradients. 

By analysing the results of the interrogation analysis for these simulated tests, a general set 

of design rules for PIV experiments have been laid out by Keane and Adrian to minimise 

errors in the calculation of real particle displacements [118]: 

 
𝑁[ > 10										𝑀	|∆𝒖|∆𝑡 < 	𝑑`										|∆𝑿| < 	

1
4𝐷𝑰												

|∆𝒛| < 	
1
4 𝑧𝟎 (3.6) 

where 𝑀  is the magnification of the imaging setup, 𝑑`  is the particle image 

diameter,	∆X is the particle image displacement (in the image plane), 𝐷[ is the width 

of the interrogation window, ∆𝑧t is the laser sheet thickness, and ∆𝑧 is the out-of-

plane particle displacement. It should be noted that upper-case letters (X, Y, Z) for 

displacements refer to the image plane, and lower-case letter (x, y, z) refer to the 

object plane (measurement region).  
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In addition to these design rules, advanced interrogation methods have been developed to 

minimise the error in calculating the particle displacements. In the following sections, each 

source of error and its minimisation are discussed. 

 

Loss of particles from an interrogation volume 

The interrogation volume is the volume defined by the interrogation window projected onto 

the object plane and the laser sheet thickness. Seeding particles leaving the interrogation 

volume between frames, both in-plane and out-of-plane, result in a reduction in the 

amplitude of the displacement-correlation peak. This directly affects the detectability of the 

displacement peak as the amplitude is proportional to both 𝐹[ and 𝐹] (see Equation 3.3). 

The value of 𝐹] represents the loss of particles from the laser sheet, therefore the design 

rule outlined in Equation 3.6 suggests that out-of-plane particle displacements should be 

less than a quarter of the laser sheet thickness, ∆𝑧t. This can be achieved by increasing the 

thickness of the laser sheet to minimise the number of particles that leave the sheet. 

However, the energy density of the laser sheet is reduced, which results in dimmer particle 

images. 

 

It is also essential to maximise 𝐹u, which represents the in-plane loss of particle images. 

The design rule in Equation 3.6 suggests that the in-plane particle displacement should be 

less than a quarter of the size of the interrogation window, which places a limit on the value 

of ∆𝑡 for a given flow velocity. Another method of ensuring that the value of 𝐹u is unity is 

by performing multiple passes of the correlation analysis with refinement of the 

interrogation windows [103] [119] [120]. The advantage of using multiple passes is that for 

each iteration, the displacement vector can be estimated and the location of the 

interrogation window can be shifted in that direction. Therefore, for each subsequent pass, 
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it is more likely that the same particles remain in the interrogation window [121]. A visual 

description of this process is shown in Figure 3.10.  

 

Figure 3.10  The effect of introducing a shift in the location of interrogation windows in the correlation 
analysis. 

 

In addition to pre-shifting the interrogation windows, it is also common to decrease the size 

with each iteration. For example, for the first pass, the interrogation window may be  

128 ´128 pixel to ensure that all the particle images from the first frame also appear in the 

second frame. The reduction in size continues for each pass until the final dimension is 

reached, which is typically 32 ´ 32 pixel. Due to the difficulty of reaching the required 

levels of seeding density without causing speckle patterns to form, 32 ́  32 pixel is generally 

the size of the smallest interrogation window. 

 

Velocity gradients 

In the correlation analysis, it is assumed that the particle images in each interrogation 

window are displaced by the same amount between the two frames. However, in complex 

flows where strong velocity gradients are present, this may not be the case. The particle 

image pattern becomes deformed, which leads to the loss of particles between frames, 

reducing the value of 𝐹[. Using conventional PIV interrogation analysis, the displacement-

correlation peak for non-uniform displacement fields is reduced in amplitude and 
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broadened, sometimes splitting into multiple peaks. Therefore, its detectability is reduced 

and spurious vectors are more likely [122], [123].  

 

In order to reduce the effect of velocity gradients, advanced methods that deform the shape 

of the interrogation window in order to minimise the loss of particle image pairs have been 

developed [124]. More recently, iterative schemes have been developed that apply window 

deformation at every pass of the interrogation analysis [125], [126]. 

 

Particle image diameter 

If particle images are less than a pixel in diameter, the particle displacements can become 

biased towards integer values. This is commonly known as the peak-locking effect and can 

be a dominating source of error [114]. If the displacement-correlation peak is less than a 

pixel wide, the three-point estimator used to infer its location does not perform well. As a 

result, the location of the peak can only be calculated to the nearest pixel, which for a 

maximum displacement of 8 pixels in a 32 ´ 32 pixel interrogation window, leads to an 

error of approximately 6%.  

 

As the type of seeding particle is usually constrained by the experimental conditions, the 

peak-locking effect can only be reduced by changing the imaging system to increase the 

effective particle image diameter. This can be achieved by a using different lens to increase 

the effective diameter at the cost of reduced field-of-view. Another possible solution is to 

change the location or focus of the camera in order to de-focus the particles images and 

increase their effective diameter [103], [105]. 
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Particle image density 

The design rules outlined in Equation 3.6 suggest that the number of particles in an 

interrogation window should be greater than ten. For the correlation analysis, more particle 

image pairs increase the amplitude of the displacement-correlation peak according to 

Equation 3.3. This results in a more reliable estimation of the mean particle displacement. 

However, increased seeding density for a given interrogation window can lead to the 

formation of speckle patterns and degradation of image quality due to layers of oil on 

optical surfaces.  

 

3.4 Experimental Setup  

The following section describes the PIV system used for the work in this thesis. Figure 3.11 

shows a CAD model and schematic of the PIV setup on the engine.  

     

Figure 3.11 CAD model (left) and schematic (right) of the optical setup for PIV measurements in the tumble 
plane. 

 

All velocity measurements are made in the central tumble plane, which bisects both sets of 

valves, the spark plug and the fuel injector, as shown in Figure 3.12. 
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Figure 3.12 Schematic defining the orientations of the tumble, swirl and cross-tumble planes in the engine. 

 

3.4.1 Seeding 

A schematic of the seeding system is shown in Figure 3.13. The system consists of a supply 

of lab compressed air that is regulated with a manual valve to 4 bar before flowing through 

a mass flow controller (MKS Mass-Flo Controller). This unit provides control of the mass 

flow of air that enters the atomiser and the resulting seeding density for the PIV 

measurements. After the mass flow controller, the circuit splits into two branches, each 

with its own solenoid valve; one path is connected directly to the intake plenum, and the 

other flows through the atomiser before re-joining the path to the plenum. Initially the 

solenoid valve for the branch with air only is open, and the other is closed, which allows 

air to combine with the main engine air path in the plenum. When seeding is required, the 

states of the solenoid valves are switched, so that air flows through the atomiser and seeding 

particles are produced and enter the main air path. Without the branched system, a sudden 

introduction of seeded air into the intake plenum disturbs the main air path, resulting in 

oscillations in the throttle control and intake air pressure.  
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A LaVision Aerosol Generator produces oil droplets with a nominal diameter of 1 µm. As 

the diameter of the oil droplets is largely independent of the type of oil [127], regular olive 

oil is used. The oil droplets are introduced to the intake air in the intake plenum through a 

swan-neck pipe, as shown in Figure 3.20. 

 

Figure 3.13 Schematic of the seeding system. 

 

The optimal seeding density is largely dependent on the conditions of the flow. Hence, for 

each experiment, the seeding density was set using trial and error by analysing the resulting 

images. 

 

3.4.2 Illumination and beam delivery 

A diode-pumped, double cavity Nd:YLF laser was used as the light source. Its specification 

is provided in Table 3.1.  

Table 3.1 Laser specification. 

Model Photonics Industries DM20-527 DH 

Pulse energy @ 1 kHz (mJ) 20 

Beam diameter (mm) Nominally 10 

Divergence (mrad) 8 ± 15% 

Maximum repetition rate (kHz) 10 kHz 

Pulse width (ns) 150 - 200 
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The LaVision DaVis system is capable of providing variable pulse separations during a 

single cycle. This allows the pulse separations to be tailored to the range of flow velocities 

within a cycle, which depends on the operating conditions and which part of the cycle is 

being investigated. Thus the particle image shift can be optimised throughout the cycle, 

minimising the loss of a particle images from interrogation windows and improving the 

dynamic range of the measurements [128]. A typical range of pulse separations for velocity 

measurements in the induction and compression strokes is from 3 µs to 50 µs.  

 

For safety, the beam is completely enclosed in 1-inch black anodised tubes along the path 

from the laser head to the sheet-forming optics. A 1000 mm focal length convex lens is 

used to reduce the divergence of the beam. The final steering mirror and sheet optics are 

mounted on a rail that is bolted to a motorised translation stage (ZABER T-LSR150B). The 

stage can be controlled both manually or by software and provides positioning with an 

accuracy of 15 µm and repeatability of 2.5 µm. A telescope arrangement of spherical lenses 

controls the location of the beam waist and a concave cylindrical lens with focal length of 

-20 mm is mounted on the exit aperture (see Figure 3.5) to form an approximately 1 mm 

thick sheet in the measurement region. The cylindrical lens can be rotated to adjust the 

orientation of the sheet. 

 

3.4.3 Imaging 

A high-speed, 12-bit digital CMOS camera was used to image the tracer particles. Its 

specification is provided in Table 3.2. The imaging setup resulted in a magnification of 

0.32 and a spatial resolution of 0.061mm/pixel (1.96 mm per 32 ´ 32 pixel interrogation 

window). 
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Table 3.2 Camera specification. 

Model Vision Research Phantom VEO 710L 

Full resolution (px) 1280 ´ 800 

Sensor dimensions (mm) 25.6 ´ 16 

Pixel dimensions (µm) 20 ´ 20 

Frame rate @ full resolution 7.4 kHz 

On-board memory 18 GB 

Maximum number of image pairs @ full 

resolution 
6000 

 

The camera is also mounted on a motorised translation stage so that the laser sheet remains 

in the focal plane of the camera when it is translated. A Nikon Nikkor 50 mm f/1.4 lens 

was used at f#/4 for the all of the work presented in this thesis. Imaging through a curved 

cylinder leads to image distortion, therefore the camera must be calibrated. This is achieved 

by imaging a uniform grid of dots placed inside the cylinder. The grid was glued onto a 

Perspex base that also allowed a visual check of the location of the laser sheet in relation 

to the imaging plane. An example of the calibration grid and a typical calibration image are 

shown in Figure 3.14. LaVision DaVis 8.0 software was used for calibration, image 

acquisition and correlation analysis.  

 

Figure 3.14  Image of the calibration grid in the cylinder during calibration (left) and an example of the 
output from the calibration and distortion correction procedure using  DaVis 8.0 (right). 
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3.4.4 Synchronisation and acquisition 

A LaVision Programmable Timing Unit (PTU X v10) monitors the synchronisation of the 

laser and camera with the engine. This system includes a Rotary Decoder add-on that is 

specifically designed for engine applications and crank-angle resolved measurements. The 

engine crank encoder provides the PTU with TTL signals every cycle and every crank 

angle. A ‘start’ trigger can either be triggered internally with the DaVis software or, if 

synchronous pressure data is required, externally with a TTL pulse from the engine ETCS 

system.  

 

3.4.5 Analysis procedure 

Image processing and vector calculation is performed using LaVision DaVis 8.0 software. 

The analysis procedure is as follows: 

1. Image pre-processing 

a. Subtract moving average – 10 pixel square window. 

b. Image normalisation – Min/max filter – 10 pixel square window. 

c. Image correction applied from calibration grid 

d. Static mask applied to remove regions outside of the laser sheet. 

2. Vector calculation 

a. Multi-pass, decreasing size - 128 ´ 128 pixel square window reduced to  

32 ´ 32 pixel  gaussian window with 50% overlap and 3 passes at the final 

size, with adaptive window deformation and offset. 

3. Validation 

a. Universal outlier detection with a threshold of Q < 1.8. 

b. Median filter with 2 passes – 7 ´ 7 pixel window. 

c. No interpolation or smoothing applied to the final result. 
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4. Post-processing 

a. Remove all vectors that are not first-choice after the correlation procedure. 

b. Apply dynamic mask that removes regions that obstruct the field of view 

during the cycle, such as the inlet valves and the piston. 

 

Matlab is used for all subsequent analysis of the vector fields produced by DaVis; this 

includes digitally masking the velocity fields to remove regions of the image where the 

inlet valves and piston block the scattered light. All the velocity fields from a single test 

are compiled into a single Matlab structure, which also contains statistics and flow 

quantities such as vorticity and strain rate. Figure 3.15 shows an example of a processed 

vector field. 

 

Figure 3.15 An example of a processed vector field using Matlab. 

 

3.4.6 Experimental repeatability and error minimisation 

Experimental repeatability 

It is vital that experiments are repeatable in order to have confidence in the results. This is 

especially the case for in-cylinder flow measurements due to the inherent cyclic variation 

of in-cylinder flow operation and stochastic nature of turbulence. To ensure repeatable 

experiments in this work, the inlet boundary conditions were tightly controlled with closed-
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loop throttle control and repeatable valve operation. Examples of this are shown in  

Figure 3.16, which presents ensemble averaged inlet pressure traces and inlet valve lifts for 

three consecutive test runs of 100 cycles each for a single condition (T8, defined in  

Table 5.1). It is worth highlighting that there are three lines plotted, but they are difficult to 

differentiate as there is little difference between the test runs. The mean of all 300 cycles is 

also shown with a black dashed line. 

 

Figure 3.16 Plots of ensemble averaged inlet pressure traces (left) and inlet valve lifts for three test runs of 
the same engine condition. The mean of all test runs is shown with a black dashed line. 

 

For this test condition, it is clear that there is very little difference between the mean inlet 

pressure and mean valve lifts for each run. In general, after each experimental run, the inlet 

conditions are checked to ensure that there is no anomalous variation within a single test 

run, and also between experimental runs.  

 

The in-cylinder pressure also provides an indicator of variability between test runs; 

 Figure 3.17 shows plots of in-cylinder pressure, with a detailed view demonstrating the 

variation within a single test run with markers indicating ± 1 standard deviation of the 

mean. 



  Particle Image Velocimetry 

 72  

 

Figure 3.17 Plots of ensemble averaged in-cylinder pressure traces (zoomed, right) for three test runs under 
identical conditions shown in Figure 3.16. Markers indicate ± 1 standard deviation of the mean 
for each run, and the mean of all test runs is shown with a black dashed line. 

 

Similar to Figure 3.16, it is difficult to differentiate the individual traces on the left-hand 

plot in Figure 3.17. However, in the zoomed view, it is possible to observe the differences 

between each test run. As is common for motored operation, there is very little variation in 

peak pressure within a single test run; for each test shown here, the standard deviation is 

within 1% of the mean for these tests. For this condition, the variation between the means 

is also within 1%, highlighting the repeatability of the operation of the engine. For other 

conditions, variation in boundary conditions between test runs may be greater than this 

example; however, if the variation in mean peak pressure between test runs was greater 

than 3%, the results were discarded and the test was repeated.  

 

As well as the repeatability of engine operation, it is also worth investigating the 

repeatability of the in-cylinder flow velocity measurements. Figure 3.18 shows plots of 

ensemble averaged, spatially averaged flow speeds for the same three tests as discussed 

previously, as well as the mean of the whole 300 cycle dataset.  
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Figure 3.18 Plots of ensemble averaged, spatially averaged flow speed for the three test conditions shown 
in Figure 3.16 and Figure 3.17. Markers indicate ± 1 standard deviation of the mean for each 
test run, and the mean of all cycles is shown with a black dashed line. 

 

Similar to the plots shown in Figure 3.16 and Figure 3.17, it is difficult to differentiate 

between the lines for each test run, with the variation in mean flow speed from run to run 

within approximately 2%. However, this is considerably smaller than the cyclic variation 

of approximately 10% for each test run, as indicated by the markers. Therefore, the tests 

are indeed repeatable and the three subsets of 100 cycles can be combined to form a set of 

300 cycles, which can be used for further analysis. 

 

Error minimisation 

As discussed in Section 3.3.3, there are several errors associated with the PIV technique 

that must be minimised. LaVision DaVis 8.0 offers sophisticated algorithms that apply 

adaptive window deformation and offsetting during the cross-correlation analysis. This 

maximises the number of particle images that are correlated between each frame pair and 

attempts to improve the correlation when strong velocity gradients are present. To optimise 

the experimental setup, the rules listed in Equation 3.6 have been followed whenever 

possible. The seeding density was optimised for each test condition to maximise the number 
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of particle images without forming speckle patterns. However, as the volume in the cylinder 

varies throughout the cycle, the seeding density also varies. Therefore, a compromise was 

required to ensure there is sufficient seeding throughout the cycle.  

 

The timing between laser pulses, dt, also varied throughout the cycle to account for the 

variation in flow speeds. In order to minimise the number of particles that leave an 

interrogation window between frames, it is recommended that the maximum particle image 

displacement is less than a quarter of the length of an interrogation window. With the 

current optical setup, a 32-pixel wide interrogation window corresponds to 1.96 mm in the 

engine. Therefore, no particle image should translate more than 0.49 mm between laser 

pulses. This condition places an upper limit on the measured flow speed for a given laser 

pulse separation. Figure 3.19 shows an example of the variable laser pulse separation, dt, 

and the corresponding maximum velocity for a single test condition to ensure that a particle 

does not move greater than one quarter of the interrogation window. 

 

Figure 3.19 Plots demonstrating the variable laser pulse separation, dt, (left) and the corresponding 
maximum velocity if a particle displacement is to be less than a quarter of an interrogation 
window (right). 
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The initial pulse separation of 3 𝜇s is the shortest allowed for the operation of the camera, 

and so is used during the induction process where the inlet jet velocities are highest. The 

value of dt increases as the valve closes to account for the lower gas velocities.  

During the compression stroke, the value of dt varies from approximately 16 𝜇s to 24 𝜇s, 

corresponding to about 20 m/s to 40 m/s. Without the variable dt, a fixed pulse separation 

would be used for the whole cycle, and a compromise must be made between the induction 

or compression processes, leading to increased errors throughout the cycle. 

 

3.5 Flow-Derived Quantities 

In order to extract as much information as possible from the spatially-resolved velocity 

measurements, additional quantities can be derived from the velocity fields. This section 

defines derived quantities that are used in this thesis, such as the specific kinetic energy 

and tumble ratio. However, first it is useful to define the spatial average, 𝑄w, of a field, Q, 

using Equation 3.7. 

 
𝑄w = 	

1
𝑁x𝑸&

@

&>4

 
(3.7) 

where N is the number of values contained in the column vector of 𝑸&. 

 

Equation 3.7 is used to calculate all spatial averages presented in this work, including the 

spatially averaged flow speed.  

 

The mass-specific kinetic energy is a commonly used indicator of the amount of energy in 

a planar flow field at a given crank angle. This is defined in Equation 3.8 for a velocity 

field, U, with u and w components. 



  Particle Image Velocimetry 

 76  

 𝑲𝑬	 =
1
2 ∗ (𝒖

J +	𝒘J) (3.8) 

This quantity can also be spatially averaged using Equation 3.7 to provide an indicator of 

flow energy on a crank-angle basis. 

 

Another flow-derived metric that is commonly used to assess the performance of engines 

is the tumble ratio (TR). This can be defined in a number of ways, but for this study, the 

method defined by StarCD [129] has been adopted: 

 
𝑇𝑅 = 	

∑ [(𝑍& −@ 𝑍f)𝑢&	 − (𝑋& − 𝑋f)𝑤&]
∑ �(𝑍& − 𝑍f)J	 + 	(𝑋& − 𝑋f)J@

 
 
(3.9) 

where 𝑁 is the number of vectors in the velocity field, 𝑋& and 𝑍& define the spatial  

location of the velocity vector of two components, 𝑢&  and 𝑤& , and 𝑋f  and 𝑍f 

 define the spatial location of the centre of mass (which is equivalent to the centre 

of volume as density is assumed to be constant throughout the cylinder).  

 

This definition produces a single positive value for a velocity field that has a clockwise 

rotational direction for the coordinate system used in this study. The tumble ratio is 

dependent on the magnitude of the velocity vectors, their direction and their location in 

relation to the centre of mass. 

 

3.6 Optimisation of PIV in Internal Combustion Engines  

Section 3.3 outlines the general details of the planar PIV technique and the considerations 

that are necessary to produce accurate and reliable PIV measurements. However, the 

application of PIV to internal combustion engines adds extra complexity in the 

experimental setup. This section discusses certain difficulties that are relevant to the 

application of PIV in an optical engine. 
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3.6.1 Introduction of seeding particles to the intake system 

In an ideal experiment, the seeding particles are uniformly distributed throughout the flow 

of interest and no structures should be present in the images [105]. In this experimental 

setup, the seeding particles enter the combustion chamber with the intake air flow through 

the valves during the induction stroke. This inevitably leads to an inhomogeneous 

distribution of seeding as the particles are entrained in the intake jet. However, the way in 

which the seeding particles are introduced to the upstream air flow has a significant effect 

on the uniformity of the seeding distribution later in the cycle.  

 

As described in Section 3.4, the oil droplets are introduced to the intake air flow in the 

plenum, through a swan-neck pipe. The orientation of this pipe with respect to the inlet 

runner affects the evolution of the seeding distribution. The two orientations and 

corresponding particle images taken during the induction process are shown in Figure 3.20. 

  

Figure 3.20  Images demonstrating the effect of the orientation of the swan-neck pipe on the distribution of 
seeding particles during induction. 
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When the exit of the pipe is directed away from the inlet runner, the seeding particles have 

more time to mix with the air in the plenum, which encourages a more uniform distribution 

of particles on entry to the combustion chamber. It should be noted that for this orientation, 

seeding particles must be introduced to the flow for approximately five seconds before data 

acquisition starts. Otherwise, the seeding density in the combustion chamber is too low. 

For the opposite orientation, the stream of seeding particles is directed towards the inlet 

runner, which results in large clusters of oil droplets in the intake jet. As shown Figure 3.20, 

there is a large region in the intake side of the cylinder where there are no seeding particles 

present and therefore no measurements are possible. Furthermore, the clusters of particles 

tend to remain grouped together throughout the remainder of the intake and compression 

strokes resulting in a non-uniform seeding distribution. 

 

3.6.2 Imaging through a transparent cylindrical liner 

Velocity measurements in the tumble plane requires imaging through a curved, transparent 

surface. The curved surface causes distortion of the images, which has a greater effect with 

increasing distance from the centreline of the cylinder. As described in Section 3.4, this 

distortion is corrected during calibration of the camera by using a plate with a regular 

pattern of dots. Although the camera is calibrated and focussed using a calibration plate, 

the particle images can appear defocussed in the horizontal and vertical directions, 

changing shape from points of light to ‘stripes’ as shown in Figure 3.21. The curved liner 

introduces an astigmatism, which results in the focal plane being different in the horizontal 

and vertical directions.  The irregular shapes of the particle images may affect the 

interrogation process as the sub-pixel peak finding algorithm performs best when the shape 

of the particle image is close to a Gaussian distribution.  
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Figure 3.21  Example of particle images that have been warped into horizontal (left) and vertical (right) 
stripes by the curved surface of the transparent annulus. 

 

To correct this, the position or focus of the camera must be moved to vary the focus of the 

particle images in the horizontal and vertical directions. In this way, the distortion can be 

minimised by trial and error. This procedure is suggested by Reuss et al. [130], who 

investigated the errors introduced to PIV measurements by imaging through a curved 

surface. 

 

3.6.3 Scatter minimisation 

A major issue of applying PIV to an optical engine is the high intensity of the scattered 

laser light reflected from the surfaces of the cylinder head and liner walls. The scattered 

light limits the f-number of the lens that can be used, directly affecting the brightness of the 

particle images. Therefore, minimising background scatter is essential to producing high-

contrast particle images required for the interrogation analysis [111]. Not only does the 

scattered light reduce the quality of the images and hence the accuracy of the 

measurements, it also poses a risk to experimental equipment. The photo-sensitive elements 

in the camera can be damaged if overexposed, which is possible due to the high-power 

lasers used in PIV experiments. Due to the cost of high-speed cameras (~£40 000), the risk 

of damage must be minimised. 
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When imaging the tumble plane, the laser sheet directly impacts the cylinder head, which 

leads to a bright strip of scattered light as shown in Figure 3.22. 

 

        

Figure 3.22  Reference image of the cylinder head (left) and an example of scattered light from the impact of 
the laser sheet on the cylinder head without masking (right). The red indicates pixels of the 
camera sensor that are saturated (>4096 counts). 

 

The right-hand image of Figure 3.22 was captured with the highest f-number of the lens 

(f#/16) and is saturated at 4096 counts, shown by red pixels. At this f-number, the seeding 

particles are not visible and so the aperture must be opened. However, this is not possible 

due to the high intensity of the scattered light from the cylinder, which will dominate the 

light from the seeding particles. The scattered light from the pent-roof also results in bright 

flares from the spark plug, fuel injector, cylinder wall and the leading edge of the valves. 

A number of methods to minimise the background scatter have been investigated: 

• Physical masking 

• Black paint 

• Fluorescent paint with optical filters 

• Light polarisation 

 

Inlet Exhaust 
Inlet Exhaust 
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Physical masking 

Masking involves physically preventing laser light scattered by the boundaries of the test 

equipment reaching the camera sensor. If the masking material is not in the direct path of 

the laser sheet, then black tape, paper or card may be used. Moving surfaces that enter and 

exit the field-of-view during a single experiment are more difficult to mask. For example, 

the leading edge of the valves is a significant source of scattered light that is only present 

during the intake process. Using a physical mask, such as tape, to block the scattered light 

would result in a loss of field-of-view for the duration of the cycle when the valves are not 

open. In these cases, the scatter must be minimised by alternative methods such as black 

paint.  

 

Scatter reduction using black paint 

An alternative to blocking the scattered light is to reduce its intensity at the scattering 

surface. This can be achieved by painting the surface with matt black paint. The black paint 

replaces the reflective, metal surface of the cylinder head with a black surface that absorbs 

and diffuses some of the incident laser light. The rear wall of the transparent annulus also 

has a coat of matt black paint to reduce secondary scattered light. As shown in Figure 3.23, 

without black paint on the rear surface of the annulus, the scattered light forms sharp, bright 

flares. The black paint diffuses the light, which reduces the intensity from around 3000 

counts to 200 counts in the brightest region and removes the definition of the flares. 
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Figure 3.23  Examples of background scatter due to the rear wall of the liner with (right) and without black 
paint (left). 

 

The only practical method of reducing the scattered light from the leading edge of the 

valves is by using black paint. By carefully coating the rim of the valve head, the scatter 

can be reduced. Due to the motion of the valves, the paint can be removed from the valve 

edges during engine operation and must be reapplied. Furthermore, care must be taken not 

to coat the valve seat with paint as this can lead to poor sealing and lack of compression. 

 

Scatter reduction using fluorescent paint and optical filter 

An alternative method to reducing the intensity of the scattered light is to use fluorescent 

paint to shift the wavelength of the incident laser light scattered by the cylinder head to 

longer wavelengths and then remove it with an optical filter. In this way, the undesired 

scattered light from the pent roof is removed, leaving the useful light scattered by the 

seeding particles. A further advantage is that measurements very close to the cylinder head 

would also be possible. 

 

To investigate the potential of this method, a low-power laser pointer and spectrometer 

were used to measure the fluorescence spectra of various fluorescent paints. Fluorescent 

pink acrylic paint was found to be the most effective at absorbing the incident green light 
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and shifting it to longer wavelengths. An example of the fluorescence spectrum with and 

without a green filter is shown in Figure 3.24.  

 

           

Figure 3.24  Fluorescence spectra without a green filter (left) and with a green filter (right). 

 

The peak at 527 nm is due to the reflected green light that is not shifted due to the finite 

fluorescence efficiency of the paint molecules. The maximum of the broad fluorescence 

peak is located around 615 nm, which is sufficiently shifted so that most of the fluorescence 

can be removed using a band-pass green filter (UQG dichroic green filter). 

 

To test this method on the engine, a fluorescent pink strip was painted on the cylinder head 

in the same plane as the laser sheet, as shown in Figure 3.25.  

 

Figure 3.25  A photograph of the cylinder head painted with matt black paint and a strip of fluorescent pink 
for scatter minimisation (inlet valves are on the right of the image). 
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Due to the high pulse energy of the laser, all the green laser light is not absorbed by the 

paint and enough is reflected at the cylinder head to saturate the camera even with the green 

filter. However, this method does provide benefits of reduction in general background 

scatter, shown clearly in Figure 3.26. 

 

Figure 3.26  The scattered light from the pent roof with (right) and without a green filter (left). 

 

The background scatter without a filter has a maximum intensity of approximately 2000 

counts on the edge of the inlet valves, whereas the scatter from the inlet valves is barely 

visible in the filtered image. This reduction of the background scatter comes at no cost to 

useful scattered light from the seeding particles and increases the contrast of the particle 

images. 

 

The main challenge of this method is finding a durable fluorescent paint that can withstand 

the high energy laser pulses at high repetition rates. The example shown in Figure 3.26 

demonstrates the potential of acrylic paint, however this image is only for a single shot. For 

any given experimental run, there are typically thousands of shots over a period of seconds, 

and this degrades the paint, causing it to melt and peel off the cylinder head. Therefore, for 

this method to work robustly, paint with the appropriate fluorescent properties that can 

withstand repeated shots must be used. Paterna et al. [131] systematically tested several 

methods of scatter reduction for PIV experiments, including black paints, fluorescent paints 
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and reflective materials. They found that paint containing the fluorescent dye Rhodamine-

6G results in the largest scatter reduction. The paint, first used by Lee [132], is prepared by 

mixing 3 grams of Rhodamine 6G with 100 ml of ethanol and 500 ml of water soluble, 

transparent acrylic paint. This mixture was prepared and tested in the same way as the 

acrylic paint, however only a small fraction of the green light was absorbed and emitted as 

fluorescence. Further work is required to optimise this mixture to produce a durable paint 

that can absorb enough incident laser light to remove the large scatter from the engine 

surfaces. 

 

Improvement of image quality using laser light polarisation 

The scattering properties of light are dependent on its polarisation. In a dual-head laser, 

each beam is linearly polarised in orthogonal directions to allow the use of beam combining 

optics with very high efficiencies. However, beams with different polarisations may scatter 

off the same surface in different ways. This can lead to differences in the intensity of the 

backgrounds and particle images in a single frame pair. To minimise the error in the 

velocity measurement, variations in the brightness between frame pairs should be 

minimised [133]. 

 

A solution to this problem is to convert the polarisation of the light from linear to circular. 

For circularly polarised light, the electric field has a constant magnitude and rotates in time 

in a direction perpendicular to the direction of motion. For linearly polarised light, the 

magnitude of the electric field varies with time and its direction remains constant. In 

practice, the polarisation of light can be converted from linear to circular by using a quarter-

wave plate. The effect of the quarter-wave plate on the background scatter is shown in 

Figure 3.27.  The labels A and B describe the first and second images of a frame pair. The 
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left-hand and right-hand images result from linearly and circularly polarised light 

respectively. 

 

Figure 3.27  Images showing the effect of the polarisation of the laser light on the background scatter. 

 

The intensity of the linearly polarised light in frame B is reduced by a third as the intensity 

of frame A is increased by a factor of three. This results in a frame pair with approximately 

equivalent intensities.  

 

3.7 Summary 

Particle image velocimetry is a complex technique that has been developed extensively 

over the past three decades [134]. This chapter provides a detailed description of the theory 

behind the technique and its practical setup. The system used to produce in-cylinder 

velocity measurements in the optical engine has also been summarised. The system is 

capable of capturing up to 6000 image pairs (limited by the camera memory) at up to 3.7 

kframes/s at full resolution); the laser is capable of operating at 10 kHz and can provide 

pulses with variable time separation during a single cycle. LaVision DaVis 8.0 PIV 

software is used to acquire the raw images and perform the cross-correlation analysis for 

Linear polarization B 

Linear polarization A 

Circular polarization B 

Circular polarization A 
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the velocity calculation. In-house Matlab code is used for further analysis of the resulting 

vector fields. 

 

Applying PIV to engines produces specific challenges that must be overcome in order to 

obtain high-quality, reliable data. Several challenges that have been discussed in this 

chapter include: 

• Excessive scattered light from cylinder surfaces 

• Inhomogeneous distribution of seeding particles during induction 

• Optical distortion due to curved optical components 

It was found that coating the cylinder head and rear surface of the quartz annulus with matt 

black paint was the most effective and robust method of reducing scatter from the images, 

therefore this was applied in the engine. The orientation of the pipe through which seeding 

particles are introduced to the intake flow was found to have a significant effect on the 

homogeneity of the seeding distribution on entry to the engine. Directing the flow of 

seeding particles away from the intake runner provided a more uniform distribution of 

particles, and so this has been implemented. The location of the camera was varied using 

trial-and-error to minimise any optical distortion introduced by the curved quartz annulus. 

A quarter-wave plate has also been installed in the beam path to convert the polarisation of 

the beams from linear to circular in order to reduce the difference in scatter between two 

frames. 

 

The following chapter introduces novel methods quantifying differences between flow 

fields, especially those with large rotating structures commonly observed in the tumble 

plane of a modern GDI engine.  
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4 Quantitative Metrics for Comparison of In-Cylinder Flow 
Fields 

 

4.1 Introduction  

The ability to control the flow of a fluid is extremely important in many engineering 

applications; for example, the use of active surfaces to influence the boundary layer on an 

aircraft wing to maintain lift, or the design of the front wing of Formula 1 car to provide 

sufficient cooling to the braking systems, while also providing sufficient downforce. In IC 

engines, the intake system plays a crucial role in the determining the resulting in-cylinder 

fluid motion throughout the cycle [55]. As modern induction systems offer ever increasing 

flexibility of the valve lift profile, it is vital to understand the effect on resulting in-cylinder 

air motion to maximise the fuel economy benefits. In order to achieve this understanding, 

methods of quantifying the differences between flow fields are required. 

 

In this chapter, several conventional methods that are used to compare flow fields are 

discussed, highlighting their use in engine research, which is primarily for the comparison 

of PIV measurements and CFD simulations. The relevance index (RI), a metric commonly 

used to assess vector alignment, is identified as a key tool used in quantifying differences 

between flow fields. Development of a new metric, the weighted relevance index (WRI), 

which builds on the existing relevance index to account for the local flow speed, is 

presented. Similarly, a metric for comparing flow speeds, known as the weighted 

magnitude index (WMI), is developed. The combination of the WRI and the WMI results 

in the Combined Magnitude and Relevance Index (CMRI), which is a metric that quantifies 

differences in both alignment and speed between vector fields with a single value. The 
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application of this metric to in-cylinder flow fields is demonstrated by investigating the 

number of cycles that are required to produce a representative mean flow field. The 

practical implementation of these metrics, including Matlab code, is also provided. 

 

4.2 Methods of Comparing Vector Fields 

A wide range of methods for quantifying the differences between planar flow fields have 

been developed. That said, qualitative comparisons are still common and remain a useful 

method of investigating trends [135][136]. However, manual inspection of the differences 

between flow fields is not practical for large datasets, and so quantitative metrics are 

preferred for robust comparisons. 

 

The investigation of characteristic flow features has been a useful way of providing 

quantitative comparisons between flow fields, both simulated and experimental. Ameen et 

al. [137] compared both the mean and RMS velocity magnitudes along the axis of the intake 

jet to investigate the performance of LES simulations in matching PIV experiments. As 

well as the intake jet, Yang et al. [138], [139] identified the location of vortex centres and 

the direction of the flow in different regions of the cylinder as important criteria when 

comparing RANS and LES simulations with PIV experiments. In a similar way, 

 Pera et al. [140] compared the radial and vertical velocity components along two horizontal 

lines at different in-cylinder locations in order to quantify the difference between LES 

simulations and PIV experiments. An example of these comparisons is shown in  

Figure 4.1. In contrast to selecting characteristic in-cylinder flow features, Van Dam et al. 

[141] calculated the differences between the mean velocity magnitudes and the standard 

deviations over the entire field of view to validate LES simulations of a GDI engine using 

experimental data.  
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Figure 4.1  An example of comparisons of the vertical and horizontal components of flow speed between 
experiment (top right) and simulation (top left) for a single flow field. 

 

In order to quantify the flow variability of both experiments and LES simulations, Van 

Dam et al. [142] introduced the Circular Standard Deviation (CSD). This quantity is 

claimed to be more appropriate for angular data than the regular standard deviation. In this 

way, variations in the direction of velocity components were separated from variations in 

the magnitude; a distinction that cannot be made by only comparing the RMS values of the 

velocity. This metric was also used to compare flow fields produced by sequential and 

parallel LES simulations [143]. 
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A common metric for quantifying the differences in direction between two velocity vectors 

is the Relevance Index (RI), which was defined by Liu et al. [144]: 

 𝑅𝐼 =
(𝒒𝑨	.		𝒒𝑩)
|𝒒𝑨||𝒒𝑩|

 (4.1)  

where (𝒒𝑨	, 𝒒𝑩) denotes the dot product of vectors 𝒒𝑨 and 𝒒𝑩, and |𝒒𝑨| denotes 

the magnitude of the vector 𝒒𝑨.  

 

The RI returns the cosine of the angle between two vectors, and so produces values that 

range from -1 for completely mis-aligned vectors and 1 for perfectly aligned vectors, as 

demonstrated in Figure 4.2. Therefore, the RI allows the difference in alignment between 

two vectors to be quantified by a single absolute value. This can be applied to a pair of 

velocity fields to produce a field of RI, which can be spatially averaged to obtain a single 

value that gives a measure of how closely two velocity fields are aligned. It has been used 

like this to directly compare simulated and measured flow fields [141], [145]. 

  

Figure 4.2 The limits of the relevance index. 

 

An interesting use of the RI is to investigate the convergence of both simulated and 

experimental flow fields. Hu et al. [146] uses the RI (named the Structure Similarity Index) 

to find how many LES realisations are required to produce a representative mean for 

simulations of a turbulent, non-reacting jet. Similarly, Kuo et al. [147] used the RI to 

investigate the convergence of LES engine simulations by quantifying the variation of both 
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the mean and RMS velocity magnitude fields for ensemble averages of varying numbers of 

cycles. 

 

The RI has also been used to quantify the differences in modes produced by Proper 

Orthogonal Decomposition (POD) of flow fields in a GDI engine by  

Chen et al. [148], [149]. It has also been applied to scalar fields such as the pixel intensity 

of spray images to investigate the variation in fuel spray characteristics [150], [151]. 

 

An alternative metric, the Magnitude Similarity Index (MSI) was defined by Hu et al. [146]: 

 𝑀𝑆𝐼 = 1 −
|𝒒𝐀 −	𝒒𝐁|
|𝒒𝐀| + |𝒒𝐁|

 (4.2) 

It produces a value of 1 if the vectors are identical and 0 if the vectors are exactly opposite. 

Unlike the Relevance Index, the MSI accounts for differences in both alignment and 

magnitude between two vector fields due to the vector subtraction. This has been used by 

Van Dam et al. [143] and Ameen et al. [137] to directly quantify the differences between 

simulated and experimental flow fields. In a similar way to the RI, it has been used by 

Ameen et al. [152] to investigate the convergence of simulated scalar fields in a simulation 

of an n-dodecane fuel spray. 

 

The metrics presented here provide useful methods of quantifying differences between 

specific flow features or the whole flow field in terms of vector alignment or magnitude. 

For analysis of in-cylinder flow measurements or simulations, the field data is commonly 

spatially averaged to reduce the volume of data for comparison. For this reason, it is 

essential that these metrics are sufficiently robust so that spatially averaged values are still 

a valuable method of comparison. It has been found that for flow fields with a strong 

rotational structure, such as the tumble flow setup in a modern DISI engine, the relevance 
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index can produce misleading results due to the effect of regions of low velocity near the 

vortex centre. The following sections discuss this effect and present two new metrics, the 

Weighted Relevance Index (WRI) and the Weighted Magnitude Index (WMI), that take 

into account the local velocities to produce robust metrics for comparisons of vector 

alignment and magnitude.  

 

4.3 Weighted Relevance Index  

4.3.1 Relevance index 

As described in Section 4.2, the relevance index is a metric used to quantify the difference 

in alignment between two vectors. When comparing vector fields, the relevance index is 

usually computed for each vector to build up a scalar field of values between -1 and 1. It is 

worth noting the scale of the relevance index and what values indicate a ‘good’ match 

between vector fields; a value of 0.8 may seem close to unity and so the vectors are closely 

aligned. However, by using the inverse cosine function, a relevance index of 0.8 equates to 

a misalignment of approximately 40°. For comparison, values of 0.999 and 0.99 equate to 

misalignments of approximately 2.5° and 8° respectively.  

 

Relevance index fields provide a map of the quality of the match in the alignment between 

two flow fields. For certain applications, it is necessary to quantify how similar a reference 

velocity field is to a large set of comparison velocity fields.  In this case, it is not practical 

to manually search for the field that is the best match to the reference field, therefore the 

spatial average must be used. For example, in order to find the single cycle that is the best 

match to the mean cycle for a typical experiment that consists of 300 cycles, flow fields 

from each crank angle must be compared to the mean. If each cycle consists of 

measurements every 2 degrees crank angle during the compression stroke, the dataset for 
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comparison consists of 27 300 vector fields. Therefore, it is necessary to reduce the 

resulting relevance index fields to a single value by spatially averaging, defined by  

Equation 4.3. 

 
𝑅𝐼www =

1
𝑁	x𝑹𝑰(𝑖)

@

&>4

 (4.3)  

where 𝑹𝑰(𝑖) is a column vector of the relevance index field and 𝑁  is the total 

number of values in the field. 

 

4.3.2 Low velocity bias of the relevance index 

The relevance index is an absolute metric; it simply quantifies the difference in angle 

between two vectors. This is a useful feature because it can be used across a wide range of 

applications and its value retains its significance. However, this is also a disadvantage in 

that it does not provide any information about the differences in magnitude between two 

vectors. Therefore, low-speed velocity vectors carry the same weight as those with high 

velocity. This can lead to potentially misleading results when comparing flow fields with a 

rotating flow structure such as a vortex.  

 

The magnitudes of the velocity vectors near the centre of the vortex are typically small in 

comparison to the surrounding flow velocities. There is also a large velocity gradient as the 

direction of the flow reverses across the centre of the vortex. A consequence of this is that 

when two velocity fields with vortices are compared, only a small offset in the location of 

the centre of the vortices will result in a region of vectors becoming completely misaligned 

and having very low values of relevance index. This effect is demonstrated in Figure 4.3 

with simple rotating flow fields created using Matlab. 
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Figure 4.3  An example demonstrating the calculation of the relevance index (right) for two identical flow 
fields except for an offset in the vortex centres (left). 

 

The left-hand image of Figure 4.3 shows plots of two identical rotating flow fields that are 

offset by one unit in both vertical and horizontal directions. The relevance index field, 

plotted on the right, clearly shows the large misalignment near the centre of the vortex 

where the flow velocities are low, even though the flow fields are well matched away from 

the vortex centres. Although this region of low relevance index only consists of a fraction 

of the total number of vectors in the field, it can have a significant effect on the spatially 

averaged value of relevance index as discussed later in this section.  

 

Rotating flow structures are common in internal combustion engines in the form of large-

scale tumble or swirl motion. Figure 4.4  shows two velocity fields measured during the 

compression stroke, plotted together to allow a visual comparison. The velocity fields 

(dataset A - black and dataset B - red) are ensemble averaged subsets of 150 cycles taken 

from a full dataset of 300 cycles, therefore they are very similar in structure with only a 

slight offset in the location of the tumble vortices (shown by the dots). The engine test 

conditions are provided in Table 4.1 and the PIV setup details are provided in Table 4.2. 
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Figure 4.4 Two datasets of measured flow fields (86°ca bTDC) plotted together (top) and the calculated 
relevance index field (bottom) with zoomed-in regions for clarity (right). The centres of the 
tumble vortices are shown by the coloured dots (dataset A – black, dataset B – red). 

Table 4.1 Engine conditions for datasets A and B. 

Engine speed (RPM) 1500 
MAP (bar) 0.42 
Air temperature (°C) 35 
Coolant temperature (°C) 18 
IMOP (°ca aTDC gas exchange) 144 
EMOP (°ca bTDC gas exchange) 121 
Piston shape C 

 

Table 4.2 PIV setup for datasets A and B. 

Timing of PIV measurements  
(°ca bTDC combustion) 

180 - 0 

Measurement increments (°ca) 2 
Spatial resolution (mm) 1.96 
Number of tests 4 
Number of cycles measured per test 75 
Total number of cycles 300 

 

The view of the full flow field shows that the majority of the velocity vectors located far 

from the vortex centres are qualitatively well matched. The zoomed-in view shows the 
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relatively poor alignment of velocity vectors near the vortex centres. The corresponding 

relevance index field agrees and demonstrates that over 75% of the vector field is well 

matched with a relevance index over 0.99. However, there is a small region of misaligned 

vectors near the centre of the vortices with values of relevance index of approximately -1. 

 

Figure 4.5 and Figure 4.6 show the effect that the low velocity region around the centres of 

the vortices has on the spatially averaged value of relevance index, 𝑅𝐼www. Figure 4.5 shows 

the same relevance index field as that shown in Figure 4.4, however any values below zero 

have been removed. The removed region is solely due to the region surrounding the 

misaligned vortex centres.  

 

Figure 4.5 The same relevance index field as that shown in Figure 4.4, with values less than zero removed. 

 

𝑅𝐼www is recalculated and then converted into an equivalent angle using the inverse cosine 

function to give the average difference in angle between the two vector fields for every two 

crank angles in the compression stroke, shown in the bottom image of Figure 4.6. 
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Figure 4.6 The positions of the vortex centres of dataset A and B in the combustion chamber from 86°ca 
bTDC to 46°ca bTDC (top image) and plots of the equivalent misalignment angle calculated 
from 𝑅𝐼www, with and without the RI < 0 vectors removed (blue and red lines). The corresponding 
percentage difference in angle is plotted on the right-hand axis (black line) with the percentage 
reduction in number of vectors (purple) (bottom image). 

 

The top image shows the positions of the vortex centres of the ensemble averaged flow 

fields of datasets A and B during the compression stroke. For each field, the vortex only 

appears in the field of view at 86°ca bTDC and is then hidden by the shaped piston crown 

around 46°ca bTDC. The blue and red lines in the bottom plot show the spatially averaged 

misalignment between the vector fields from datasets A and B, with and without the  

RI < 0 vectors removed. The purple line shows the percentage of vectors that are removed 

from the calculation and the black line shows the percentage difference between the 
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standard calculation of 𝑅𝐼www and that with the low values removed. This reveals that only 1% 

of the vectors causes a 30% difference in the spatially averaged value of the angle 

misalignment. Furthermore, for a given flow field in either dataset A or B, the removed 

vectors contribute less than 0.5% of the total kinetic energy. It is also worth noting that at 

the crank angles where the centres of the vortices are in similar positions (~ 52°ca bTDC), 

the difference in 𝑅𝐼www decreases to a minimum. This indicates that the region of low relevance 

index values has decreased in size as the vortex centres pass over each other. 

 

Therefore, in order to produce a reliable spatially averaged value of relevance index, it is 

necessary to remove the low velocity bias inherent in analysing flows with rotating 

structures. 

 

4.3.3  Development of the weighted relevance index 

A way of removing the low velocity bias of the relevance index is to weight the relevance 

index by the normalised local velocity of the two fields. In this way, the misalignment 

penalty for regions of low velocity is reduced and its effect on the spatially averaged value 

of relevance index is also mitigated. A method of achieving this is provided in the following 

section. 

 

 For this section, a reference flow field is defined as 𝒒� with components of velocity, 𝒖� 

and 𝒘�, in the x and z directions respectively. 𝑸� is defined as the magnitude field of 𝒒�, 

such that 𝑸� = 	 |𝒒�| = �𝒖�J + 𝒘�J .   Similarly, a comparison field is defined as 𝒒� . 

Equation 4.4 defines the Weighted Relevance Index (WRI): 
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(4.4)  

 

 

where 𝑅𝐼�𝒙&, 𝒛��  is the value of relevance index and 𝑸��𝒙&, 𝒛��  denotes the 

magnitude of the velocity field, 𝒒�, both at the 𝑖th x position and 𝑗th z position.  

 

Perfect alignment between vectors is indicated by a value of zero and the value increases 

as the quality of match deteriorates. The alignment penalty (highlighted in green), involves 

rescaling the RI to shift the score for perfect alignment from 1 to 0, and complete 

misalignment from -1 to 1. This is necessary because the velocity weighting factors 

(highlighted in blue and red) tend to push the value of the WRI towards 0 for vectors with 

low velocity. In the original definition of the RI, with limits between -1 and 1, a value of 0 

denotes a misalignment of 90°. However, the objective of the WRI is to artificially improve 

the quality of the match for low velocity vectors to reduce their effect on the spatially 

averaged value. Therefore, by rescaling the values of the RI, the velocity weighting factor 

boosts the value of the WRI for low velocity vectors even if there is poor alignment between 

them. 

 

The function of the velocity weighting factors is to take into account the local velocity of 

the flow in both fields. In this way, if the magnitudes of the velocities in either field are 

small, the misalignment penalty is reduced, which results in a lower value of the WRI and 

a better alignment score for the vectors. The velocity weighting factors also amplify any 

Velocity weighting 
factor 

Field A 

Velocity weighting 
factor 

Field B 

Alignment 
penalty 
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misalignment between high velocity vectors. Therefore, the metric penalises regions of the 

flows with high relative kinetic energy that are misaligned. 

 

Figure 4.7 shows 𝑅𝐼www  and 𝑊𝑅𝐼wwwwww  calculated during the compression stroke for the test 

conditions defined in Table 4.1. Firstly, the scale of 𝑊𝑅𝐼wwwwww is very different to 𝑅𝐼www due to the 

nature of the velocity weighting. The plot of 𝑅𝐼www (blue line) shows that there are two main 

troughs in the relevance index; one that begins just before 90°ca bTDC as the tumble 

vortices of each field enters the field of view, and a very steep reduction just after 45°ca 

bTDC, when the tumble vortices have crossed paths and are moving apart. In contrast, the 

plot of 𝑊𝑅𝐼wwwwww does not indicate a poor match (high score) when the tumble vortices first 

appear in the field of view around 90°ca bTDC. The reason for this is that the region of 

vector misalignment around the vortex centres does not affect 𝑊𝑅𝐼wwwwww in the same way as 𝑅𝐼www. 

There are opposite peaks for both 𝑅𝐼www  and 𝑊𝑅𝐼wwwwww  at 42°ca bTDC, which indicate poor 

alignment for both metrics; these are due to mis-aligned velocity vectors located away from 

the centre of the tumble vortices, which affect both metrics. 

 

Figure 4.7  Plots of 𝑅𝐼www (left axis) and 𝑊𝑅𝐼wwwwww (right axis) during the compression stroke. Poor alignment is 
indicated by high values for 𝑊𝑅𝐼wwwwwwand low values for 𝑅𝐼www. 
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The denominator of each velocity weighting factor is the median flow speed in the 

corresponding field. This normalises the local velocity to the scale of the entire flow field. 

The median speed was selected over the maximum or mean velocity as it is less sensitive 

to anomalous values; this is demonstrated in Figure 4.8. 

 

Figure 4.8 Vector fields with a constant alignment offset overlaid on the weighted relevance index field using 
the maximum flow speed as the denominator for the velocity weighting factors, with (right) and 
without (left) an anomalous vector (shown in purple). 

 

Both images show a reference (red) and comparison (black) velocity field overlaid on the 

calculated WRI values between each vector field using the maximum flow speed as the 

denominator. For both examples there is a constant misalignment between the two vector 

fields, which results in the uniform value of 𝑊𝑅𝐼	across the left-hand field. However, in 

the right-hand image, there is a single vector in the reference field that has double the speed 

of the surrounding vectors. If the denominator of the weighting factor was the maximum 

flow speed in each field, a single extreme vector could shift the normalisation for all the 

values in that field, as shown by the different background colour for the right-hand image. 

The single anomalous vector has a different value of WRI as its local velocity is higher, 

therefore it is penalised more strongly than the other vectors for the same misalignment, 

resulting in a higher value of WRI. To ensure the metric is more robust to anomalous 

vectors, the median velocity magnitude in each field is used as the denominator of the 

velocity weighting factors.  
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Figure 4.9 shows the updated WRI field for the same crank angle as the flow fields shown 

in Figure 4.4, with black and red circles indicating the centre of the vortices. The scale has 

been changed to reflect the new limits of the metric, however the colour scheme has been 

reversed to match that of Figure 4.4 (low values indicate good alignment for the WRI). 

 

 

Figure 4.9 𝑊𝑅𝐼 field (bottom) for the same velocity field shown in Figure 4.4 (top), with black and red circles 
denoting the centres of the vortices for dataset A and B respectively. The colour scale of  
Figure 4.4 has been reversed so that the background colours are consistent for each metric. 

 

In contrast to the field of RI shown in Figure 4.4, there are other regions of the flow fields 

that are being picked out as being misaligned, not just the region around the vortex centres. 

The highest values of WRI, indicating the worst matches between the flow fields, are 

located just below the vortex centres, where the flow speeds have increased sufficiently 
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from the vortex centres to be amplified by the velocity weightings. There is also a region 

above the vortex centres, which has relatively high values of WRI, but was ignored in the 

fields of relevance index. On inspection of the flow fields in Figure 4.4, these vectors are 

relatively well-aligned in comparison to those located below the vortex centres. However, 

due to their higher speeds, they are penalised more harshly.  

 

4.4 Weighted Magnitude Index  

When comparing flow fields, it is not only the direction of the flow that is important, but 

also its speed. As discussed in Section 4.3.1, the relevance index does not provide any 

information about the differences in the magnitude of two vectors. Therefore, it is necessary 

to define a metric that quantifies this difference.  

 

The weighted magnitude index (WMI) for comparing reference velocity field, 𝒒𝑨 , to 

comparison velocity field, 𝒒𝑩, is defined as: 

 𝑊𝑀𝐼(𝑥&, 𝑦&) = 	
�𝑸��𝒙&, 𝒚�� −	𝑸��𝒙&, 𝒚���
median�𝑸�(𝒙, 𝒚), 𝑸�(𝒙, 𝒚)�

 (4.5)  

where 𝑸� is defined in Section 4.3.3 as the magnitude field of 𝒒𝑨.  

 

For each location in a field, the metric calculates the absolute difference between the 

magnitudes of two vectors and normalises the result by the median flow speed in either 

field. Similarly to the WRI, the WMI gives a value of zero for vectors that have identical 

magnitudes and increases as the difference in flow speed increases. 

 

The choice of the median velocity magnitude as the denominator is for the same reasons as 

those discussed in Section 4.3.3; the median velocity is a more robust value to normalise 
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the absolute difference between the local velocity magnitudes. Figure 4.10 shows an 

example of the  𝑊𝑀𝐼 field comparing the flow fields of dataset A and B at 68°ca bTDC.  

  

Figure 4.10 A WMI field comparing datasets A and B at 68°ca bTDC. 

 

It is clear from Figure 4.10 that the scale of the WMI field is very different to that of the 

WRI fields. The apparent structure that is present in the field is due to the way in which the 

magnitudes of the velocity vectors vary spatially throughout the field; for example, during 

the transition from a region of fast to slow flow for the reference velocity field, at one point, 

its speed may match that of the comparison flow field very well. This results in structures 

that appear as ‘lines’ of well-matched flow speeds throughout the WMI field. 

 

4.5  The Combined Magnitude and Relevance Index (CMRI) 

4.5.1 Correlations between WRI and WMI 

The objective of this work is to provide metrics that quantify the similarity of two vector 

fields. Vectors can vary in both direction and magnitude, therefore metrics that quantify the 

differences in alignment and magnitude have been developed in the previous sections. The 

spatially averaged metrics provide a single value that can be used to rank how similar 

comparison flow fields are to a reference field. However, these are applied separately. It is 
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not obvious that a flow field that is most similar to a reference flow field in terms of 

alignment will also be a good match in terms of magnitude. If this is the case, then either 

𝑊𝑅𝐼wwwwww or 𝑊𝑀𝐼wwwwwww can be used to find the flow field that is most similar to the reference. If not, 

then the metrics must be combined to take into account both alignment and magnitude. 

 

To investigate the correlation between differences in alignment and magnitude, velocity 

fields for 1000 cycles from 270°ca bTDC to TDC in 10°ca increments were measured in 

10 independent tests. Table 4.3 shows the engine conditions for these tests and Table 4.4 

shows the PIV setup. 

Table 4.3 Engine conditions for the large dataset 

Engine speed (RPM) 1500 
MAP (bar) 0.42 
Air temperature (°C) 35 
Coolant temperature (°C) 18 
IMOP (°ca aTDC gas exchange) 144 
EMOP (°ca bTDC gas exchange) 121 
Piston  Flat 

 

Table 4.4 PIV setup for the large dataset 

Timing of PIV measurements (°ca bTDC combustion) 270 - 0 
Measurement increments (°ca) 10 
Number of tests 10 
Number of cycles measured per test 100 
Total number of cycles 1000 

 

𝑊𝑅𝐼wwwwww and 𝑊𝑀𝐼wwwwwww  were calculated for each cycle at all crank angles using the ensemble-

averaged flow field of the whole dataset as the reference. In Figure 4.11,  𝑊𝑅𝐼wwwwww and 𝑊𝑀𝐼wwwwwww 

for each cycle are plotted against each other for a single crank angle (190°ca bTDC). For 

both 𝑊𝑅𝐼wwwwww and 𝑊𝑀𝐼wwwwwww, a value of zero denotes a perfect match between two vector fields and 

a higher score implies a worse match.  
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Figure 4.11 Scatter plot of  𝑊𝑅𝐼wwwwww against  𝑊𝑀𝐼wwwwwww for 1000 cycles at 190°ca bTDC for the test conditions shown 
in Table 4.2. The red circle shows the values of 𝑊𝑅𝐼wwwwwwand  𝑊𝑀𝐼wwwwwww for the individual cycle that best 
matches the mean cycle over all crank angles. 

 

There is no obvious correlation between 𝑊𝑅𝐼wwwwww and 𝑊𝑀𝐼wwwwwww, and this trend is consistent for all 

crank angles. The significant spread in values suggests that a flow field that matches well 

in terms of alignment, is not necessarily a good match in terms of magnitude. The red circle 

represents the value of  𝑊𝑅𝐼wwwwww  and 𝑊𝑀𝐼wwwwwww  of the individual cycle that best matches the 

reference field for all crank angles. For this specific crank angle, there are cycles with better 

scores of both 𝑊𝑅𝐼wwwwww and 𝑊𝑀𝐼wwwwwww. Therefore, it is clear that some cycles may be more similar 

to the mean cycles at different points in the cycle; some may provide a good score of 𝑊𝑅𝐼wwwwww 

(well-aligned) during the intake, which then deteriorates during the compression stroke. 

 

From this analysis, it appears that there is no significant correlation between 𝑊𝑅𝐼wwwwww and 

𝑊𝑀𝐼wwwwwww. Therefore, to find the cycle that is the best match to the mean cycle, both metrics 

must be taken into account. The next section discusses the combination of the WRI and 

WMI. 
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4.5.2 Combining the WRI and WMI 

The objective of a combined metric is to produce a single value that provides an indication 

of the quality of the match of a comparison field to a reference field. This must include 

measures of the differences in both alignment and magnitude between the two vector fields. 

Potential methods of achieving this are the addition or multiplication of WRI and WMI 

fields. As both metrics range from 0 for a perfect match to a larger number for a poor match, 

the multiplication of the metrics will result in a perceived ‘good’ match (a value close to 

zero) when only one of the metrics has a value close to zero. However, the addition of the 

metrics will only result in a value close to 0 if both metrics have small values. Therefore, 

addition is the preferred operation for the combination of the WRI and WMI. 

 

However, by inspecting the vector-wise distributions of WRI and WMI for a given flow 

field, it becomes clear that a simple addition of the metrics is not sufficient to produce a 

suitable combined metric. A vector-wise distribution for the flow field of a single cycle is 

shown in Figure 4.12.  

 

Figure 4.12  Vector-wise distributions of WRI and WMI for an individual cycle at 70°ca bTDC for the test 
conditions given in Table 4.3. 
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For a given flow field, the vector-wise distributions of WRI and WMI have very different 

ranges. The definition of the WRI causes the majority of values to have a narrow 

distribution around zero, with a maximum of approximately 0.3 for the example shown in 

Figure 4.12. However, the values of WMI are more widely spread, ranging from 

approximately 0 to 0.75. A consequence of this is that the values produced by the addition 

of the metrics are strongly weighted in favour of the WMI, resulting in a combined metric 

that only accounts for differences in magnitude. This effect is shown in Figure 4.13, which 

presents the comparison of an individual cycle to the mean cycle and fields of 𝑊𝑅𝐼, 𝑊𝑀𝐼 

and the addition of the two. 

 

 

 

Figure 4.13 Plots showing the comparison of an individual flow field (top left) to a reference mean field 
(bottom left). Fields of 𝑊𝑅𝐼 (bottom right), 𝑊𝑀𝐼 (top right) and their addition (centre right) are 
also presented. The dashed circle and dotted circle highlight regions of misalignment and poorly-
matched magnitude that are visible in the fields of WRI and WMI, but the misalignment is not 
present in the combination. 
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The individual cycle contains features that differ significantly from the mean flow field; 

the dashed circle highlights a region of flow that is aligned with the mean flow but is 

travelling at approximately twice the speed. A region of flow that is particularly poorly 

aligned with the mean flow is highlighted by the dotted circle. Both features appear in their 

respective metrics, however, only the region of high velocity appears in the combination of 

the metrics. This demonstrates how the simple addition of the two metrics does not include 

a significant contribution from the WRI.  

 

In order to give the WRI equal weight when it is combined with WMI, the vector-wise 

distributions of the metrics must be normalised. The objective of this is to scale each metric 

so that the majority of values lie in the range from 0 to 1. In this way, the addition of the 

metrics will include contributions from both metrics, not just the WMI. Equation 4.6 shows 

the normalisation for a variable, 𝒇, that represents the range of WRI and WMI values for a 

given dataset.  

 𝒇/t�f = 	
𝒇 − 𝑓 t¡

𝑓¢&£¢ − 𝑓 t¡
 (4.6)  

 

where 𝑓 t¡ and 𝑓¢&£¢ are the values used to scale the majority of the values of 𝒇  

between 0 and 1.  

 

If all the values of 𝒇 are to be rescaled strictly between 0 and 1, then 𝑓 t¡ and 𝑓¢&£¢ are the 

minimum and maximum values of 𝒇. For example, normalising WRI for all 1000 individual 

cycles at a given crank angle requires all 1000 WRI fields to be concatenated into a single 

vector, from which the minimum and maximum values can be found. However, to provide 

a robust normalisation, the minimum and maximum values are not used because a single 

pixel with an anomalous value of 𝒇 will distort the scaling and reduce the effect of the 
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normalisation. Instead, the values of 𝑓 t¡ and 𝑓¢&£¢ are found using thresholds that ignore 

the most extreme values of the distribution. The lowest and highest 2% of all the values in 

the dataset are ignored in the scaling factor, resulting in 96% of the distribution being scaled 

between 0 and 1. Therefore, the lowest 2% are shifted to negative values and the highest 

2% are greater than 1.  

 

The left-hand plot of  Figure 4.14 shows the original vector-wise distributions of the WRI 

and WMI for a single cycle (also shown in Figure 4.12) with lines showing the values that 

would be used for normalisation if the maximum values are used (solid lines) and threshold 

(98%) values are used (dashed lines). The lines for the lower 2% and minimum values have 

been omitted for clarity. The right-hand plot shows the normalised metrics, 𝑊𝑅𝐼/t�f and 

𝑊𝑀𝐼/t�f, which have been rescaled with the threshold values.  

 

Figure 4.14 Plots showing the original vector-wise distributions of WRI and WMI with lines showing the 
values that can be used for normalisation (left), and the normalised metrics ignoring the highest 
and lowest 2% for the rescaling (right). 

 

As seen in Figure 4.14, the normalied metrics now have similar ranges, which allows both 

metrics to contribute to the combined metric. This leads to the formal definition of the 

Combined Magnitude and Relevance Index (CMRI): 
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𝑪𝑴𝑹𝑰 = 	

𝑾𝑹𝑰/t�f +	𝑾𝑴𝑰/t�f
2  

(4.7) 

 

As the majority of the values of both 𝑊𝑅𝐼/t�f and 𝑊𝑀𝐼/t�f range between 0 and 1, their 

summation is divided by 2 so that the values of 𝐶𝑀𝑅𝐼 lie within the same range. The effect 

of normalising the metrics before addition is shown in Figure 4.15, which presents the same 

comparisons as in Figure 4.13, with the exception that the normalised metrics are now 

plotted with a CMRI field. 

 

 

 

 

Figure 4.15 An identical figure to Figure 4.13, showing the normalised metrics and the CMRI. 
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Unlike in Figure 4.13, the CMRI now takes into account the poor alignment that appears in 

the normalised WRI field. By manipulating the distributions of WRI and WMI fields, the 

combined metric produces a field that reflects differences in both alignment and magnitude. 

This metric can be spatially averaged in order to find individual cycles that best match the 

mean in terms of both alignment and magnitude. 

 

4.6 Application of the CMRI 

For valid statistical analysis of flow field measurements, it is important to ensure that 

enough samples are acquired to accurately represent the mean flow field. Too few samples 

will result in large uncertainties in the resulting ensemble mean. For in-cylinder flow 

measurements, the recommended sample size ranges from hundreds to thousands of cycles 

[88]. The CMRI has been used to investigate how many cycles are required to produce a 

representative mean. The large dataset containing 1000 cycles was split into smaller subsets 

containing between 2 and 999 randomly selected cycles. The ensemble means of these 

subsets were then compared to the ensemble mean of the whole dataset using the CMRI. 

Figure 4.16 shows a plot of the mean spatially averaged CMRI at all crank angles for the 

comparison of the ensemble mean of each subset to the ensemble mean of the whole dataset. 
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Figure 4.16  A plot demonstrating the application of the CMRI to find the number of cycles required to 
produce a representative mean cycle. The blue line is the mean value of CMRI at all crank 
angles for each subset. The upper and lower bounds show the maximum and minimum values 
of CMRI at all crank angles for that subset. 

 

The value of CMRI drops rapidly as the number of cycles in each subset increases from 2 

to 100. For subsets of greater than 100 cycles, there is very little change in the CMRI, which 

indicates that the ensemble mean flow fields for subsets of greater than 100 cycles are very 

similar to the ensemble mean of the whole dataset. It should be noted that this is not a 

universal result and the number of cycles required for a representative mean will depend 

on the test conditions. For this reason, 300 cycles was selected as a sufficient sample size 

to ensure statistical validity for each experiment in this thesis.  

 

4.7 Practical Implementation of the Analysis Techniques 

The code that implements the analysis techniques described in this chapter to calculate the 

WRI, WMI and CMRI has been written in Matlab. In order to complete the analysis, the 

velocity data is assumed to be in an appropriate format. For a single test, PIV velocity fields 

are measured over a range of crank angle degrees for a number of cycles, and each velocity 

component is stored in a multiple-dimensional array: u and w for the x and z directions 
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respectively. Each array has four dimensions to store the 2-dimensional velocity data for 

each crank angle and cycle; in Matlab format, an array u for the velocity data in the x – 

direction, is structured as ‘u (x, y, crank angle, cycle)’. This format is demonstrated in 

Figure 4.17.  

 

Figure 4.17 An image depicting the format of storage arrays of velocity data. 

 

A number of functions are used for calculation of the WMI, WRI and CMRI: 

WRI    – calculateWRI.m 

WMI   –calculateWMI.m 

CMRI – metric_scales.m and normalise_metric.m 

The following sections demonstrate the use of these functions and an appendix includes the 

corresponding Matlab code. 

 

4.7.1 Calculating the WRI 

A function calculateWRI.m is used to calculate the WRI between two velocity fields. It 

requires 5 input arguments: u and w components of the velocity data for two velocity fields 

(a_u, a_w and b_u, b_w) and the corresponding mask array. The output is the WRI field 

showing the differences between the two input velocity fields. The code shown below 

demonstrates a possible use of the calculateWRI.m function, noting that the terms ‘ca’ and 
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‘cyc’ denote the crank angle and cycle to be compared. This can be trivially inserted into a 

‘for’ loop for automation over a whole dataset. 

%% Implementation of the calculateWRI.m function 
 
a_u = u_piv_field1(:,:,ca,cyc); 
a_w = w_piv_field1(:,:,ca,cyc);     
 
b_u = u_piv_field2(:,:,ca,cyc); 
b_w = w_piv_field2(:,:,ca,cyc); 
     
WRI_test(:,:,ca,cyc) = calculateWRI(a_u, a_w, b_u, b_w, mask(:,:,ca))  
 

The calculateWRI.m function consists of three main parts: 

• Calculating the difference in angle between two vectors. 

• Calculating the magnitudes of each field and finding their median values. 

• Calculating the WRI as given by Equation 4.4. 

 

4.7.2 Calculating the WMI 

In a similar way to the WRI, the WMI is calculated using a function calculateWMI.m, which 

is implemented with the same syntax as calculateWMI.m as shown below: 

%% Implementation of the calculateWMI.m function 
 
 
WMI_test(:,:,ca,cyc) = calculateWMI(a_u, a_w, b_u, b_w, mask(:,:,ca))  
 

The calculateWMI.m function consists of two main parts: 

• Calculate the magnitudes of each velocity field. 

• Find the median magnitude of both fields and use this to normalise the difference 

between the two, as shown in Equation 4.5. 
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4.7.3 Calculating the CMRI 

To calculate the CMRI, the WRI and WMI must already be available. As discussed in 

Section 4.5.2, the WRI and WMI must be normalised to ensure that their distributions are 

within the same range before they are combined to produce the CMRI. In order to achieve 

this, two functions are used: metric_scales.m and normalise_metrics.m. Metric_scales.m is 

used to find the specific values required to perform the normalisation of the WRI and WMI, 

which is then performed by normalise_metrics.m. After normalisation of both the WMI and 

WRI, the CMRI is calculated using Equation 4.7. The code below shows an example of the 

calculation of the CMRI. 

%% Example code using metric_scales.m and normalise_metrics.m to calculate 
the CMRI from values of WRI and WMI 
 
% Creating vector that includes all values required for noralisation 
WRI_allTests= [WRI_test1,WRI_test2,WRI_test3]; 
WMI_allTests= [WMI_test1,WMI_test2,WMI_test3]; 
 

% Selecting the upper and lower bounds for normlisation 
pc_hi = 0.98; 
pc_lo = 0.02; 
     
% Use metric_scales.m to find the specific values to be used for 
normalisation 
[WRIscale_allTests_hi,WRIscale_allTests_lo] =  

metric_scales(WRI_allTests,pc_hi,pc_lo); 
 
[WMIscale_allTests_hi,WMIscale_allTests_lo] =  

metric_scales(WMI_allTests,pc_hi,pc_lo); 
 
% Use normalise_metric.m to normalise the WRI_test1 and WMI_test1 using 
the values produced by metric_scales.m   
 
WRI_norm_test1 (:,:,ca,cyc) = normalise_metric(WRI_test1(:,:,ca,cyc),… 
WRIscale_allTests_hi,WRIscale_allTests_lo); 
 
 
WMI_norm_test1(:,:,ca,cyc) = normalise_metric(WMI_test1(:,:,ca,cyc),… 
WMIscale_allTests_hi,WMIscale_allTests_lo); 
 
% Simply combine the normalised WRI and WMI to produce the CMRI   
CMRI_test1(:,:,ca,cyc) =  

(WRI_norm_test1(:,:,ca,cyc) + WMI_norm_test1(:,:,ca,cyc))/2; 
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Three inputs are required for metric_scales.m; the first is a vector containing all the values 

that will be used in the comparison and hence, the normalisation. The two other inputs, 

pc_hi and pc_lo, dictate the range of the normalisation as demonstrated in Figure 4.14. This 

produces the specific values that will be used for the normalisation, which are then passed 

to normalise_metrics.m as input arguments.  

 

The function normalise_metrics.m uses the outputs from metric_scales.m in addition to the 

original WRI or WMI values to produce the normalised metrics using Equation 4.6. After 

both the WRI and WMI have been normalised, the CMRI is calculated according to 

Equation 4.7. Although it is not shown here, all these metrics can be spatially averaged to 

produce a single value for a given field. 

 

4.8 Summary  

This chapter presents the development of two new metrics for quantifying the differences 

between vector fields; the weighted relevance index (WRI) and the weighted magnitude 

index (WMI). The weighted relevance index builds on the relevance index, which is used 

to quantify the misalignment of two vectors. A weighting factor based on the local velocity 

of the flow fields is introduced to remove low velocity biases, which arise near the centre 

of tumble vortices commonly present in DISI engines. The weighted magnitude index 

provides a measure of the difference in magnitude between two vectors. These quantities 

are typically calculated for a whole field and then spatially averaged to produce a single 

value, which can be used to rank how similar test flow fields are in relation to a reference 

flow field.  
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The WRI and WMI were applied to a sample of 1000 cycles to investigate any correlation 

between the two metrics. No obvious correlation was found, which leads to the conclusion 

that flow fields which are similar in terms of alignment are not necessarily similar in terms 

of flow speed for the conditions tested in this work. For this reason, a method of combining 

the WRI and WMI has been developed to produce a metric, known as the Combined 

Magnitude and Relevance Index (CMRI), which accounts for differences in both magnitude 

and alignment. The application of the CMRI has been demonstrated by investigating the 

number of cycles that are required to produce an ensemble mean flow field that is 

representative of the actual mean flow field. It was concluded that 300 cycles is a sufficient 

sample size for statistical validity and so this has been applied to all the experiments in this 

thesis. 

 

The MATLAB implementation of these analysis techniques has been provided to aid the 

understanding of their practical use in quantifying differences between flow fields.  
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4.9 Appendix 

calculateWMI.m 

 
function [output] = calculateWRI(a_u,a_v,b_u,b_v,mask,varargin) 
     
  
%% step 1 - calculate angular difference 
 
% Find angle between U and V for each vector of first field 
theta_aa=atan2(a_v(:,:),a_u(:,:));         
  
% Find angle between U and V for each vector of second field 
theta_bb=atan2(b_v(:,:),b_u(:,:));         
  
% Calculate difference 
thetaDiff=abs(theta_aa-theta_bb);      
  
%% step 2 - calculate weighting factor 
     
% Calculate magnitude of first velocity field 
V_Mag_aa=(a_u(:,:).^2+a_v(:,:).^2).^0.5;  
       
     
% Calculate magnitude of second velocity field 
V_Mag_bb=(b_u(:,:).^2+b_v(:,:).^2).^0.5;            
  
% Apply crank angle mask 
V_Mag_aa= double( V_Mag_aa.*double(mask(:,:)));     
V_Mag_bb= double( V_Mag_bb.*double(mask(:,:))); 
  
% Calculate median velocity present in either field 
V_mag_med_aa = nanmedian(V_Mag_aa(:)); 
V_mag_med_bb = nanmedian(V_Mag_bb(:)); 
     
%% step 3 – Calculate WRI according to Equation 1.8 
     
penalty = (1/2)*(1-cos(thetaDiff))  

.* (V_Mag_aa./V_mag_med_aa).*(V_Mag_bb./V_mag_med_bb); 
 
% Apply mask to penalty      
output= double(penalty.*double(mask(:,:)));    
  
end 
 
calculateWMI.m 

function [output]= calculateWMI(a_u,a_v,b_u,b_v,mask,varargin) 
 
%% Step 1 – Calculate magnitudes in each field 
 
% Calculate magnitude of first velocity field 
V_Mag_aa=(a_u(:,:).^2 + a_v(:,:).^2).^0.5;       
     
% Calculate magnitude of second velocity field 
V_Mag_bb=(b_u(:,:).^2 + b_v(:,:).^2).^0.5;            
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% Apply crank angle mask 
V_Mag_aa= double( V_Mag_aa.*double(mask(:,:)));     
V_Mag_bb= double( V_Mag_bb.*double(mask(:,:))); 
  
%% Step 2 – Calculate median magnitudes of both fields and find the 
normalized difference between the magnitudes of each field 
 
     
% Calculate median velocity present in both fields     
V_Mag_med = nanmedian([V_Mag_aa(:) ; V_Mag_bb(:)]); 
        
% Calculate the difference in magnitudes normalised by the median 
magnitude of both fields     
VMagDiff=(abs((V_Mag_aa-V_Mag_bb))./V_Mag_med);      
 
% Apply crank angle mask 
VMagDiff= double( VMagDiff.*double(mask(:,:)));      
 
% Assign output 
output = VMagDiff; 
     
end 
 

metric_scales.m 

 
function [metric_scale_hi, metric_scale_lo] =  

metric_scales(metric_fullset,pc_hi,pc_lo) 
  
% Sort values for full dataset into ascending order 
metric_sort = sort(metric_fullset(:)); 
     
% Remove NaN values introduced by the digital mask 
metric_sort_nonan = metric_sort(~isnan(metric_sort)); 
     
% Use this vector to define scaling limits for the normalization required 
for the CMRI 
 
metric_scale_hi =  

metric_sort_nonan(ceil(length(metric_sort_nonan)*pc_hi)); 
     
metric_scale_lo =  

metric_sort_nonan(floor(length(metric_sort_nonan)*pc_lo)); 
end 
 
normalise_metrics.m 

function [metric_norm] =  
normalise_metric(metric_old,metric_scale_hi,metric_scale_lo) 

  
%% Scaling data so that metric_scale_hi and metric_scale_lo define new 
boundaries for the metric (see Equation 1.11. Stretches the majority of 
values over the range 0 to 1 
 
metric_norm =  

(metric_old - metric_scale_lo)/(metric_scale_hi - metric_scale_lo); 
  
end 
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5 Validation of CFD Simulations with PIV Using Quantitative 
Metrics 

 

5.1 Introduction 

Computational Fluid Dynamics (CFD) is now a standard tool used across a range of 

engineering disciplines from aerospace and automotive, to biomedical sciences and the 

petrochemical industry [85]. It involves the solution of mathematical models that represent 

physical processes using a numerical approach. Not only is it used to simulate the motion 

of fluids under certain conditions, it can also simultaneously provide 3-dimensional 

predictions of temperature, pressure and chemical composition. The improvement of 

computer hardware and cluster services in recent decades has resulted in the rapid 

development of CFD, enabling the completion of more complex simulations in less time. 

 

There are many benefits associated with its use in the engineering design process; for 

example, the design of new combustion systems in the automotive industry. CFD 

simulations provide initial data that is used to guide the design and reduce the number of 

prototypes required, which reduces costs. CFD simulations can also provide data that is 

experimentally unobtainable due to physical constraints. Although engine test cells are still 

necessary, experimentation is expensive due to the high cost of the hardware and execution 

time. 

 

The following section provides a brief overview of the methodology of CFD and the 

difficulties in simulating the complexities of an internal combustion engine. 

 



                                  Validation of CFD Simulations with PIV Using Quantitative Metrics 

 123  

5.1.1 Introduction to CFD 

CFD involves the use of numerical algorithms to solve the governing equations that 

describe the physical nature of a flow under certain conditions. Before the numerical 

algorithms can be applied, the domain of the problem must first be defined, which usually 

involves the use of a digital solid model, before it is discretised into number of cells (known 

as meshing). The size of the cells defines the spatial resolution of the simulation and also 

dictates the computational cost; smaller cells result in a greater number of calculations that 

must be performed. The resolution of the mesh is known to have a significant effect on the 

accuracy of the simulation [85], therefore it is necessary to ensure that it is sufficiently fine 

to reach a converged solution. In simulations of engines, it is common to refine the grid 

around regions of interest, such as the valve curtain or spark plug. More recently, some 

CFD solvers dynamically refine the mesh during the simulation based on the local variation 

of certain variables [153]. 

 

After the domain has been meshed, solutions to the governing equations are calculated for 

each finite volume at each time step. The governing equations represent fundamental 

physical principles; conservation of mass, momentum and energy. For compressible, 

viscous flow, these are known as the Navier-Stokes equations and are provided in the 

conservative form: 

 
Mass 

𝜕𝜌
𝜕𝑡 + 	𝛻.

(𝜌𝒖) 	= 	0 
 
(5.1) 

 
 
Momentum 
(x-direction) 

𝜕(𝜌𝑢)
𝜕𝑡 +	∇. (𝜌𝑢𝒖) = −

𝜕𝑝
𝜕𝑥 +	∇.

(𝜇	∇u) +	𝑆¬ 
 
(5.2) 

 
 
Energy 

𝜕(𝜌𝑒)
𝜕𝑡 +	∇. (𝜌𝑒𝒖) = −𝑝∇. 𝒖	 +	∇. (k	∇T) + 	𝝓 + 𝑆± 

     
(5.3) 
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where ρ is the fluid density, u is the fluid velocity (such that u = u i + v j + w k), 𝜇  

is the dynamic viscosity of the fluid, 𝑆¬ accounts for body forces, 𝑒 is the energy of  

the fluid, k is the thermal conductivity, T is the fluid temperature, 𝝓 accounts for  

dissipation due to viscous effects, and 𝑆± accounts for potential energy.  

 

This is a set of coupled, non-linear equations that, as of yet, have no analytical solution. 

Therefore, for the most common CFD codes, the conservation equations are discretised for 

each finite volume and solved using advanced iterative methods. 

 

It is known that the flow in an engine is highly turbulent, and that this turbulence plays a 

crucial role in mixture preparation and flame propagation [37].  The large-scale bulk 

motion, setup during the induction process, induces the formation of smaller turbulent 

eddies through the action of shear stresses resulting from the interaction between the intake 

jet and the in-cylinder gas. The formation of smaller eddies continues as the energy in the 

bulk flow feeds the turbulent motion, until it is dissipated as heat at the molecular level. 

This action encourages vigorous mixing, which transports fuel quickly throughout the 

combustion chamber, and interacts with the flame front, which increases the rate of 

combustion. Therefore, it is essential that the effect of turbulence is modelled by CFD 

simulations if they are to be used in the design of combustion systems. An inherent 

difficulty in the simulation (and measurement) of turbulence is the presence of a large range 

of temporal and spatial scales, which must be resolved to capture the true characteristics of 

the flow. There are a number of different approaches to turbulence modelling that are 

currently used by industry and researchers. The most common are Reynolds Averaged 

Navier-Stokes (RANS), Large Eddy Simulation (LES) and Direct Numerical Simulation 
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(DNS), which vary in their complexity and computational expense, as depicted in  

Figure 5.1. 

 

Figure 5.1 Different approaches to turbulence modelling. 

 

5.1.2 Turbulence modelling 

It is important to remember that CFD simulations are only as reliable as the mathematical 

models used to represent the underlying physical processes. In general, there is a 

compromise between computational time required and physical accuracy of the simulation. 

RANS has been widely used by industry as it requires the least time to complete a 

simulation and produces results that match experimental trends [139]. As the name 

suggests, the approach involves using Reynolds decomposition to separate the 

contributions of the mean flow and its fluctuations. By modifying Equation 5.2 and using 

this decomposition, extra terms, known as the Reynolds stresses, are produced that account 

for the effects of turbulent fluctuations on the mean flow. In order to solve for these new 

terms, a number of models have been developed, of which one of the most widely used is 

the k-𝜀  model. This attempts to solve for the Reynolds stresses by investigating the 

mechanisms that affect the production and dissipation of the turbulent kinetic energy, k. 

This method also involves the introduction of a turbulent (or eddy) viscosity term that 

models all turbulent fluctuations in a similar fashion to viscous stresses on a Newtonian 

fluid. This term tends to eliminate the smaller length scales of fluid motion, leaving only 

the large-scale flow structures. 
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As a result of this approach, RANS simulations of engines are well suited to capturing the 

bulk flow motion and are the most economical in terms of computational resources. Despite 

its disadvantages, RANS simulations have been widely used for full simulations of 

combustion in DISI engines [154]–[158]. Furthermore, even though it is commonly thought 

that RANS simulations should produce a converged result [83], some studies have shown 

this is not necessarily the case, and that cycle-by-cycle variations and even stochastic 

processes such as combustion knock can be modelled using RANS [159]–[161].  

 

In an attempt to reduce the reliance on simplified models to predict turbulence, LES uses a 

different approach; a spatial filter is applied to the Navier-Stokes equations in order to retain 

a larger range of flow scales that are directly resolved. In a similar way to RANS, any flow 

scales smaller than the filter must be modelled. More detailed information on the theory of 

LES is provided in [85], [162]. Although LES simulations are considerably more expensive 

than those produced using RANS [163], the improvements in the performance of 

computational hardware has resulted in increased popularity of the use of LES for engine 

simulations [83], [88], [164]–[166]. Its ability to more accurately capture the random nature 

of the in-cylinder flow has led to its use in the characterisation of cycle-by-cycle variations 

in DISI engines [167]–[170]. In order to demonstrate the differences between RANS and 

LES simulations, Figure 5.2 shows plots of OH from simulations of a reacting diesel fuel 

spray using RANS and LES. The differences in the spatial resolution of the flame are clear; 

for the RANS simulation, the flame has very smooth features in contrast to the complex 

shape of the LES simulation due to the resolved turbulent motion. 
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Figure 5.2    Plots of OH comparing RANS (top) and LES (bottom) simulations of a reacting diesel fuel spray 
(reproduced with permission from [171]).  

 

If the spatial filter used for LES is decreased in size until all flow scales are resolved 

directly, this is known as Direct Numerical Simulation. This approach does not require any 

sub-grid models to simulate turbulent effects and so produces the most physically accurate 

results. However, the extreme computational effort required to perform such simulations 

for in-cylinder flows, means that it is limited only to research applications [172].  

 

5.1.3 Validation of CFD 

As discussed in Chapter 4, effective validation of CFD simulations is essential to ensure 

their effective use in engineering applications. For validation of in-cylinder flow field 

simulations, PIV is the most common experimental tool. In this chapter, the methods 

outlined in Chapter 4, the WRI, WMI and CMRI, are used to quantify the differences 

between in-cylinder flow simulations and measurements in the optical engine. 
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5.2 Experimental Setup 

For this work, in-cylinder flow fields were measured using high-speed PIV for three test 

conditions that are related to a production engine load map. The test conditions have also 

been simulated using a commercially available CFD software package, StarCD. It must be 

noted that the simulations were completed by engineers at Jaguar Land Rover, and are not 

the work of the author. The following sections describe the test conditions, PIV setup and 

simulation setup. For more detailed information on the optical engine and PIV system, refer 

to Chapters 2 and 3. 

 

5.2.1 Engine operating conditions 

Three conditions, named T1, T2 and T8, have been selected from the load map of an engine 

calibration in order to compare measurements and simulations for realistic conditions. 

Table 5.1 provides the details of the conditions. 

Table 5.1 Engine conditions. 

 T1 T2 T8 
Engine speed (RPM) 1500 1500 1750 
Manifold Air Pressure (kPa) 80 95 96 
Air volume flowrate (l/s) 1.57 3.65 3.40 
Intake air temperature (°C) 45 45 45 
Coolant temperature (°C) 23 23 23 
Inlet maximum valve lift (mm) 6.3 6.8 6.1 
Inlet valve opening/closing  
(°ca aTDC gas exchange) 

-33 / 101 -30 / 117 -23 / 112 

Exhaust valve opening/closing  
(°ca aTDC gas exchange) 

-217 / 51  -243 / 25 -219 / 49 

 

Figure 5.3 shows the valve lift profiles and in-cylinder pressure traces for each condition. 

For T1 and T2, the engine speed is 1500 rpm and for T8, it is increased to 1750 rpm. T1 is 

throttled slightly, whereas T2 and T8 are almost wide-open throttle. The air temperature 



                                  Validation of CFD Simulations with PIV Using Quantitative Metrics 

 129  

and coolant temperature were held constant for each condition at 45 °C and 23 °C 

respectively. 

 

Figure 5.3  Plots showing the inlet and exhaust valve profiles (dashed and dotted lines) and the mean in-
cylinder pressure traces for T1 (blue), T2 (orange) and T8 (purple). 

This study only considers motored flow; therefore, the spark plug has been replaced with a 

brass blank to reduce background scatter for the PIV measurements. A transparent acrylic 

annulus was used to provide optical access to combustion chamber and a quartz piston 

insert was used to provide access for the laser sheet. Piston C was used for all tests. 

 

5.2.2 PIV setup 

Table 5.2 provides details of the PIV experiment for all the test conditions. 

Table 5.2. Details of the PIV setup for all conditions. 

Range of recorded CAD  
(°ca bTDC combustion) 

330 – 30  

Measurement increments (°ca) 5 
Number of cycles 300  
Number of runs per test 3 
Spatial resolution (mm) 1.96 
Vector resolution (mm) 0.98 
Field of view (mm2) 40 ´ 45 
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The field of view of the PIV measurements and a schematic of the PIV timings are shown 

in Figure 5.4. 

 

Figure 5.4  Plots showing the field of view and coordinate system (left) and the timings (right) for the PIV 
measurements.  

 

PIV measurements were made every 5°ca from 330°ca bTDC (relative to combustion TDC) 

to 30 ° ca bTDC to capture both the induction process and the compression stroke. 

Measurements near TDC were unavailable due to the piston crown features blocking the 

scattered light from the oil droplets. The measurement plane was located 1 mm towards the 

front of the engine from the central tumble plane (y = -1 mm using the coordinate system 

in Figure 5.4). This reduced the large amount of scattered laser light from the tip of the fuel 

injector affecting the measurement region. 

 

For each test condition, the optimal seeding density was obtained using an iterative process. 

Similarly, the optimal dt values for each crank angle were found through trial-and-error to 

ensure that the maximum displacement of droplets between frames was less than a quarter 

of the width of an interrogation window (32 ´ 32 pixels).  
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5.2.3 Numerical setup 

A commercially available CFD package, StarCD, was used for the RANS simulations of 

the optical engine. These simulations were setup and performed by engineers at Jaguar 

Land Rover and the resulting data was passed to Oxford for further processing and 

comparison. A solid model of the combustion system is produced using Computational 

Aided Design (CAD) software and provides the correct geometry for the simulation. This 

model is then discretised into a finite number of nodes, known as a ‘mesh’. The mesh 

provides the points at which the governing equations are solved at each timestep, and so 

dictates the spatial resolution of the simulation The computational domain for the 

simulations is shown in Figure 5.5.  

 

Figure 5.5 An image of the computational domain used for the RANS simulations. 

 

In order to initiate the simulation, initial and boundary conditions must be specified; 

wherever possible engine measurements have been used to provide these. At the intake and 

exhaust ports, crank-angle resolved dynamic pressure measurements were used as inputs. 

Steady state temperature measurements were used as initial conditions at these locations. 

For components where temperature measurements were unavailable, assumptions were 

made; for example, the temperatures of the inlet and exhaust valves were assumed to be the 
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same as the cylinder head, which was controlled by the temperature of the coolant. The 

measured mass flow of air entering the engine was also used as an input boundary 

condition, as well as the valve lift profiles measured during engine operation. Figure 5.6 

shows examples of the pressure measurements at the inlet and exhaust ports that are used 

as boundary conditions for the simulations. Also shown are the measured inlet and exhaust 

valve lifts.  

 

Figure 5.6 Plots demonstrating a selection of pressure measurements used as the boundary conditions for 
the simulations. The solid lines indicate pressure measurements and the dashed lines indicate 
valve lift measurements. A zoomed plot is shown on the right to highlight the dynamic pressure 
measurements at the inlet and exhaust ports. 

 

In general, the mesh had a minimum cell size of 0.7 mm, which was reduced to 0.3 mm for 

the valve curtain area as shown in Figure 5.7. As a result, each simulation contained 

approximately 3.25 million cells. The timestep for the simulation remained constant at 

0.1°ca. Turbulence was modelled using the standard RNG (Renormalised Group) k-𝜀 

model and a modified Angelberger model was used to model heat transfer.  
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Figure 5.7 An image highlighting the reduced cell size around the valve curtain (left) and a plot comparing 
the measured and simulated pressure traces (right). 

 

The measured and simulated pressure traces are shown in Figure 5.7. In order to match the 

simulated in-cylinder pressure with the measurements, the crevice length (defined as the 

distance between the top land and the top piston ring) was varied for each condition. This 

is an attempt to take into account the loss of mass in the experiments due to blow-by past 

the piston rings by changing the compression ratio. There was no further tuning of the 

physical models.  

 

5.2.4 Post-processing of CFD results 

CFD simulations provide a three-dimensional, three-component velocity field, which must 

be reduced to a planar field in order to directly compare with PIV results. Firstly, it was 

ensured that the geometric origin of the simulations and the PIV measurements were 

identical. Two-component CFD vectors from the plane of interest (y = -1 mm) were then 

extracted onto a grid that had twice the spatial resolution of the PIV measurement grid. The 

resulting CFD vector field was linearly interpolated before it was mapped directly onto the 

PIV measurement grid. As result of this process, both simulated and measured flow fields 
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were located on identical spatial grids, which is necessary for the analysis methods. An 

example of a CFD flow field mapped onto a PIV measurement grid is shown in Figure 5.8. 

 

Figure 5.8  Example of a simulated flow field (right) mapped onto the PIV measurement grid (left). The black 
box in the right-hand image shows the field of view of the PIV measurement. 

 

The PIV flow fields used for the validation of the RANS simulations are ensemble averages 

of 300 cycles recorded in three sets of 100 cycles. Section 4.6 discusses experimental results 

that demonstrate that 300 cycles is a conservative number of cycles required to produce a 

representative mean cycle. 

 

It should be noted that both PIV and CFD vector fields were processed with an identical 

digital mask to remove vectors from regions obscured by the inlet valves and piston. Due 

to the different valve profiles, the most conservative mask (for test condition T2) was used 

for all conditions to ensure that the same number of vectors are compared between 

conditions. All mean flow fields plotted in the following section show every second vector 

for clarity. Any velocity fields of individual cycles show all vectors to retain the small 

variations in the flow. 
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5.3 Results and Discussion 

This section demonstrates how the quantitative metrics described in Chapter 4 can be used 

to identify differences between simulated and measured flow fields. A number of 

differences identified by the metrics are then explored in more detail using conventional 

methods of comparison to evaluate the performance of the metrics. 

 

5.3.1 Initial investigation using the CMRI, WRI and WMI 

Figure 5.9 shows plots of the spatially averaged CMRI throughout the cycle for all three 

test conditions, which provide initial comparisons between simulated and measured flow 

fields. Low values of CMRI indicate a better match between flow fields than higher values. 

 

Figure 5.9  Plots of the spatially-averaged CMRI showing the differences between simulated and measured 
flow fields in terms of alignment and magnitude. The dashed lines show the timing of IVC for 
each condition. Low values denote a better match between flow fields. 

There are a number of features that can be highlighted from this plot; firstly, there are peaks 

in the CMRI that occur at approximately 240 °ca bTDC for all the test points. Shortly after 

BDC, the CMRI for T2 and T8 decreases to a minimum during the compression stroke. In 

contrast, the CMRI for T1 increases significantly until approximately 115°ca bTDC. After 

a local minimum at 70°ca bTDC, the match between CFD and PIV flow fields for T1 
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deteriorates rapidly, whereas there are only small changes in the quality of the match 

between CFD and PIV flow fields for T2 and T8. 

 

The plots of the CMRI allow regions of interest to be easily identified in the comparisons 

between flow fields. As it accounts for differences in both alignment and magnitude of the 

velocity fields, further analysis of the WRI and WMI is required to decouple their 

contributions to the CMRI. Figure 5.10 shows plots of the normalised WRI and WMI for 

all conditions.  

 

Inspecting the plots of WRI and WMI separately provides more information about the 

nature of the features identified by the CMRI (Figure 5.9). For example, by examining the 

plot of the WRI, it is clear that the peaks in the plots of the CMRI at 240°ca bTDC for all 

conditions are due to a misalignment of the flow fields, rather than a difference in 

magnitude. Furthermore, the plots of the WMI reveal a number of peaks that correspond to 

the inlet valve closing period for each condition. These peaks are also visible in the plot of 

the CMRI; however, it is less clear due to the contribution of the WRI at around  

240°ca bTDC. The increase in the CMRI for T1 during the compression stroke from BDC 

to 115°ca bTDC appears to be a combination of both a misalignment and difference in 

magnitude between simulated and measured vector fields. After this timing, the WMI 

decreases, whereas the WRI increases rapidly. Three features identified by the metrics are 

listed below and discussed in more detail in the following sections: 

• Peaks in the WMI during inlet valve closing 

• Peaks in the WRI for all conditions at 240°ca bTDC 

• Increase in all metrics during the compression stroke for T1 
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Figure 5.10  Plots of the spatially averaged WRI (top) and WMI (bottom) showing the differences between 
simulated and measured flow fields in terms of magnitude and alignment separately. The 
coloured dashed lines show the timing of IVC for each condition. 

 

5.3.2 Peaks in the WMI during inlet valve closing 

Figure 5.10 shows distinct peaks of the WMI at timings that correspond to the period of 

inlet valve closing for each condition. To investigate the origin of these peaks, fields of the 

WMI for each condition at the respective timings of the peaks of the WMI are displayed in 

 Figure 5.11. The peaks occur at 270°ca bTDC, 255°ca bTDC and 260°ca bTDC for T1, T2 
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and T8 respectively, and both simulated and measured flow fields are overlaid on fields of 

WMI. 

 

 

Figure 5.11 Fields of the WMI at the locations of the peaks shown in Figure 5.10. T1 - 270°ca bTDC,  
T2 - 255°ca bTDC and T8 - 260°ca bTDC. The overlaid black and red arrows show the PIV and 
CFD vector fields respectively. 
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As the valves are closing, for each condition there is a high-speed jet from the inlet valve 

entering the combustion chamber for all conditions. In this region, there are relatively high 

values of the WMI between the two flow fields. On inspection of the velocity vectors, it is 

clear that the simulations predict higher velocities in the jet than the PIV results for all 

conditions, which leads to high values of the WMI. Although there are differences in the 

velocities on the inlet side of the field of view, they are relatively small compared to those 

in the jet and so result in small values of the WMI. 

 

The higher momentum of the simulated intake flow results in the intake jet penetrating 

further into the cylinder than the experimental results. This can be seen in the lower, right-

hand side of the field of view, where the simulated flow field persists in the direction of the 

inlet jet. In contrast, the PIV flow fields begin to turn towards the centre of the cylinder due 

to a loss of momentum. It is worth noting that the PIV flow fields are averages of 300 

individual cycles, therefore any variations in the intake flow will smoothed out. There are 

indeed individual PIV cycles for which the magnitude of the velocity in the intake jet is 

more similar to that simulated by CFD, as shown in Figure 5.12. 

 

Figure 5.12 shows flow fields of the simulated cycle, mean PIV cycle and an individual 

cycle at 270°ca bTDC for T1. The colour scales in the plots of the simulated cycle (top) 

and the mean PIV cycle (bottom) reflect what is shown in the fields of the WMI field in 

Figure 5.11; the simulated flow speed is considerably greater and the intake jet penetrates 

further into the combustion chamber at this crank angle in comparison to the mean PIV 

cycle. The maximum velocity predicted by CFD is 125 m/s, whereas the maximum velocity 

of the mean PIV flow field is only 74 m/s. However, inspection of the flow field of  

cycle 199 (Figure 5.12, middle) shows that an individual cycle can have significantly higher 
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flow speeds than the PIV mean cycle. The maximum velocity of this cycle is approximately 

45% faster than the mean PIV cycle at 108 m/s and the jet penetrates further into the 

cylinder, in a similar way to the simulated flow field. 

 

 

Figure 5.12   Flow fields demonstrating comparisons of an individual cycle (middle) that best matches the 
simulated RANS flow field (top) in terms of flow speed for T1. The mean PIV flow field is also 
shown (bottom). Every velocity vector has been plotted to retain the detail of the fluctuation in 
the flow field of the individual cycle. 
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One metric that is commonly used to assess the performance of engines is the tumble ratio 

(TR), as defined in Section 3.5. This definition produces a single value that is positive for 

a velocity field that has a clockwise rotational direction for the coordinate system used in 

this study. The tumble ratio is dependent on the magnitude of the velocity vectors, their 

direction and their location in relation to the centre of mass. Figure 5.13 shows plots of TR 

for all three conditions, with dotted lines marking the timings of peak valve lift and valve 

closing. 

 

Figure 5.13    Plots of tumble ratio (TR) for T1, T2 and T8. The dotted lines mark the timings of peak valve 
lift and valve closing. Markers of ± 1 standard deviation for the TR are shown for every 10th 
crank angle of the PIV flow fields.  

 

The main difference between the CFD and PIV results in Figure 5.13 is the large peak in 

the simulated TR values that occurs during the valve closing period for all conditions. These 

peaks correspond directly to the peaks of the spatially averaged WMI identified in  

Figure 5.10, which leads to the conclusion that the difference in TR between PIV and CFD 

is due to differences in the speed of the intake jet, as discussed previously.  
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It is evident that the difference in TR between CFD and PIV is significantly higher for T8 

and T2 than for T1. On inspection of the CFD flow fields in Figure 5.11 (red arrows), the 

high-speed flow of the intake jet for T2 and T8 fills the entire upper, right-hand side of the 

field of view. In contrast, the CFD flow field for T1 has a stagnant region near the exhaust 

side of the cylinder head. This appears as a high value of the WMI because there are large 

differences between PIV and CFD velocity magnitudes in this region, as the PIV results do 

not have this region of slow flow. However, the stagnant region in the simulation results in 

a reduced value of TR, which agrees more closely with experiment, even though there is a 

difference in the structure of the flow fields. This is an example of how the detail in the 

flow fields can be lost through the use of spatially averaged conventional metrics, from 

which differences in the flow are inferred. 

 

5.3.3 Peaks in the WRI at 240°ca bTDC  

Dominant peaks at 240°ca bTDC in the plots of the CMRI (Figure 5.9) also feature in the 

plots of the WRI, shown in Figure 5.10 (top). These peaks occur for all conditions; 

however, they are noticeably larger for T1 and T2 in comparison to T8. It is worth noting 

that at this timing, the inlet valve has closed for all conditions. To investigate the cause of 

such differences in the flow fields between CFD and PIV, Figure 5.14 presents fields of the 

WRI for each condition at 240°ca bTDC with overlaid simulated and measured vector 

fields. 
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Figure 5.14  . Fields of the WRI at 240°ca bTDC for T1, T2 and T8. The overlaid black and red arrows show 
the PIV and CFD vector fields.  
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As expected from the spatially averaged results, the WRI fields demonstrate that there is a 

significantly greater misalignment between the simulated and experimental flow fields for 

T1 and T2, than for T8. It is interesting to note that, for all conditions, the simulations 

predict a very similar velocity field after IVC. Whereas, in contrast, the mean PIV flow 

fields for each condition display distinct differences. The simulated results show that after 

IVC, a strong tumble flow is setup for all conditions with some variation in the location of 

the main tumble vortex. Similarly, the experimental flow fields for T1 and T8 reveal a 

strong clockwise tumble motion. Although the main PIV tumble vortex is not visible in the 

experimental field of view at this time, by inspecting the direction of the vectors, it can be 

inferred that the tumble vortex for these points is located beyond the lower left-hand corner 

of the field of view. Relative to its corresponding simulation, there appears to be a greater 

offset between the location of the vortex centre for T1 than that of T8, which results in a 

greater misalignment for velocity vectors of greater magnitude. As discussed previously, 

the definition of the WRI penalises misaligned, high-speed vectors more than low-speed 

vectors. Around the centre of the CFD tumble vortex for both T1 and T8, the values of the 

WRI are relatively low, but as the distance from the vortex centre increases there is an 

increase in the weighting of the misalignment in the calculation of the WRI. The predicted 

and measured tumble vortices are closer for T8 than for T1; therefore, far away from the 

vortex centre, the high-speed vectors are more closely aligned, resulting in a lower WRI. 

In contrast, for T1, the offset between the tumble vortices is relatively large, which results 

in some high-speed velocity vectors 180 degrees misaligned and high values of the WRI. 

 

The measured flow field for T2 has a distinctly different structure to those of T1 and T8.  

Instead of a large-scale tumble motion, there is a region of low velocity flow in the centre 

of the combustion chamber that interrupts the tumbling motion and results in large 
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differences in alignment between simulated and measured flow fields. On further analysis 

of the PIV flow fields, this feature appears for all conditions, but is dependent on the timing 

of IVC. For example, IVC for T1 occurs earlier than T2 and T8 (see Table 5.1 for details), 

therefore this feature appears earlier in the flow fields for T1. Figure 5.15 shows the 

evolution of the measured in-cylinder flow for T2 for a number of measurements after IVC. 

  

Figure 5.15  Mean PIV velocity fields showing the evolution of the flow field for T2 from 250°ca bTDC to 
235°ca bTDC (IVC occurs at 243°ca bTDC). 

 

IVC for T2 occurs at 243°ca bTDC, hence the flow field at 250°ca bTDC shows the flow 

field as the inlet valve is closing. The region of slow flow is initially located near the inlet 

valve. The flow fields at 245°ca bTDC, 240°ca bTDC and 235°ca bTDC show how the 

region of slow flow moves towards the exhaust and grows, directing the main tumble 

motion towards the centre of the cylinder. This is in contrast to the simulations, which 

predict that the tumbling flow follows the boundary of the cylinder head directly after IVC.  
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The origin of the region of the slow flow remains unclear; however, it could be due to out-

of-plane motion and it could also be related to the spike in WMI discussed in the  

Section 5.3.2. For these test conditions, the inlet valves close very quickly, with a duration 

of approximately 30°ca between peak lift and the valve closing. In this time, the area 

through which the air is flowing decreases rapidly, which results in a burst of high velocity 

gas entering the chamber just before the valve closes. This region of high velocity gas is 

predicted by CFD and is what causes the spikes in tumble ratio as discussed in Section 

5.3.2. However, similar spikes are not seen in the plots of measured tumble ratio, but small 

peaks do appear for T1 and T2 in plots of spatially averaged flow speed (shown in  

Figure 5.17 in Section 5.3.4). The measured intake jet is slower than the prediction, and so 

the detail is lost in the spatial average. Due to the three-dimensional annular shape of inlet 

jet as it enters the combustion chamber past the valve, a section cuts through the central 

tumble plane where the PIV measurement is made. This high velocity gas travelling straight 

through the measurement plane appears as a region of low velocity in the PIV flow fields. 

It disrupts the tumbling motion and deflects the bulk flow away from the cylinder head 

towards the centre of the combustion chamber. However, this is not the case for the CFD 

simulation, which predicts a uniform tumbling motion. This effect leads to the 

misalignment between the flow fields for some time after IVC for each condition, as 

captured by the WRI. 

 

5.3.4 Increase in all metrics for T1 during the compression stroke 

The plot of the spatially averaged CMRI (Figure 5.9) shows that the difference between 

simulated and measured flow fields for T1 increases during the compression stroke until 

approximately 115°ca bTDC. The opposite is true for T2 and T8, for which the match 

improves during the same period. The plots of the WRI and WMI (Figure 5.10) confirm 
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that over this period, the differences in both alignment and magnitude contribute to the 

increase in the CMRI.  

 

Figure 5.16 shows plots of the WRI and WMI for T1 at 115°ca bTDC, as well as the 

corresponding CFD and PIV velocity fields. The PIV and CFD velocity fields in  

Figure 5.16 (c) and (d) show that the simulation underestimates the speed of the measured 

flow. The main tumble vortex for the PIV flow field is located near the bottom right-hand 

corner of the field of view, whereas the vortex centre for the simulated flow field is below 

the bottom edge of the field of view.  These differences in the flow fields give rise to the 

increases in the WRI and WMI, and subsequently, the CMRI. The plot of the WRI shown 

in Figure 5.16 (a) shows a region of higher values slightly to the left of the PIV tumble 

vortex. This is due to misaligned vectors with relatively high velocities. At the centre of the 

PIV tumble vortex, the WRI values are low.  

 

The plot of the WMI in Figure 5.16 (b) shows a region of high values on the inlet side of 

the measurement region. This corresponds to the region of biggest difference between flow 

speeds shown in Figure 5.16 (c) and (d), where the measured flow speeds are approximately 

double those predicted by CFD. The value of the WMI reduces towards the right-hand side 

of the field of view as the absolute differences in magnitude are small compared to the 

overall flow speeds in the measurement region.  
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Figure 5.16   Plots of the WRI (a), WMI (b), and corresponding velocity fields for PIV (c) and CFD (d) for 
T1 at 115°ca bTDC (peak in the CMRI). The overlaid black and red arrows show the PIV and 
CFD vector fields respectively. 
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Mean PIV 
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A conventional method of investigating the magnitude differences between simulated and 

experimental flow fields is the spatially averaged flow speed. This is plotted for all 

conditions in Figure 5.17.  

 

Figure 5.17  Plots of spatially averaged velocity magnitude for PIV experiments (solid) and CFD simulations 
(dashed) for T1, T2 and T8. Markers show  1 standard deviation for every 10th crank angle for 
the PIV measurements. 

 

It is evident that the simulated flow speeds during the compression stroke for T2 and T8 

are very well matched to the experimental results. However, there is a noticeable difference 

for T1, where the PIV flow speed is underpredicted by CFD. The simulated results suggest 

that the different inlet conditions for T1 result in a significant difference in the flow fields, 

not only in terms of flow speed, but also flow structure. Figure 5.18 shows the predicted 

locations of the main tumble vortex for each condition from 250°ca bTDC to TDC. By 

250°ca bTDC, which is after IVC for T1 and just before IVC for T2 and T8, the bulk tumble 
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motion has been generated by the intake jet. For all conditions, the overall motion of the 

tumble centres follows a spiralling path that starts near the centre of the cylinder before 

being transported downwards and towards the intake by the action of the piston, and then 

upwards towards the exhaust side during the compression stroke, before finishing near the 

centre of the combustion chamber at TDC Although, the general trajectories of the tumble 

vortices are similar, there is a distinct difference for T1 in comparison to T2 and T8, which 

are almost overlapping during the compression stroke. The location of the vortex centre for 

T1 is similar to that of T2 at 250°ca bTDC, however the paths quickly diverge as the tumble 

vortex for T2 follows that of T8 in moving downwards with the piston. In contrast, the 

vortex centre for T1 does not travel towards the piston with T2 and T8 but remains higher 

in the cylinder for longer. As a result, the flow structure for T1 is considerably different to 

that of T2 and T8 early in the compression stroke.  

 

Figure 5.18   Plots of the location of the main tumble vortices for the simulated flow fields from 250°ca bTDC 
to TDC, values every 5°ca.  
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Due to the velocity weightings in the definitions of the WRI and WMI, and their 

normalisation to produce the CMRI, the final value that ranks the quality of the match 

between two velocity fields is only relative to the data that is used in the comparisons. 

Therefore, to put the results into perspective, Figure 5.19 shows equivalent plots to  

Figure 5.16, for T8, which has the lowest value of the CMRI (best match) at 115°ca bTDC. 

It is clear from the velocity fields in Figure 5.19 (c) and (d), that there is qualitatively very 

good agreement between the simulated and experimental results in terms of both magnitude 

and alignment. The black vectors are difficult to see as they are overlaid on the fields of 

WRI and WMI, which have very low values due to the well-matched flow fields. As a 

result, the spatially averaged values of the WRI and WMI, and CMRI are low, which 

demonstrates that the metrics can be used to quantitatively rank comparisons of flow fields. 

 

Although there some differences between the measured flow fields of T1, T2 and T8 in 

terms of local flow speed, the flow structure is similar between the three test points. 

Comparison of Figure 5.16 (c-d) and Figure 5.19 (c-d) shows the differences between the 

measured and simulated flow fields for T1 and T8 at 115°ca bTDC; the measured flows are 

qualitatively similar, albeit with small differences in vortex location and flow speeds due 

to the different inlet conditions. However, there are significant differences in terms of flow 

speed and structure for the simulated flow fields, which are picked out by the CMRI. 
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Figure 5.19   Plots of the WRI (a), WMI (b) and corresponding velocity fields for PIV (c) and CFD (d) for 
T8 at 115°ca bTDC (lowest value of the CMRI). The overlaid black and red arrows show the 
PIV and CFD vector fields respectively. 
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5.4 Comparisons of Individual Cycles 

Up to this point the quantitative metrics have been used to directly compare the simulated 

flow field and the mean PIV flow field. However, calculation of the mean PIV flow field 

inherently removes the small-scale velocity fluctuations that are present in the flow fields 

of individual cycles. Although RANS simulations involve the solution of averaged 

equations and so do not resolve the smaller length scales, there may be an individual cycle 

that is a better representation of the simulated flow structure than the mean PIV field. It 

would be interesting to know where the CFD simulation lies within the distribution of the 

measured cycles. This may be especially important in the simulation of firing cycles where 

the RANS simulation only produces one cycle, from which no information can be gained 

about the variability of combustion. By comparing the CFD to individual cycles, it is 

possible to determine whether the simulation is predicting a flow field that is similar to an 

individual cycle that has resulted in fast or slow combustion. This could have a significant 

effect on the design of a new combustion system.  

 

By calculating the CMRI between each individual cycle and the single simulated cycle, it 

is possible to rank the cycles based on how similar they are to the CFD in terms of flow 

speed and alignment. This makes it possible to select the individual cycle that is most 

similar to the simulation. An example of this process is shown in Figure 5.20, which 

displays flows fields at 90°ca bTDC for the simulated cycle, the mean PIV cycle, and the 

individual cycles that are most similar (cycle 9) and most different (cycle 115) to the 

simulation for T2 during the compression stroke.  
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Figure 5.20  Plots demonstrating the use of the quantitative metrics in comparing individual cycles (worst 

match - lower middle and best match - bottom) to the simulated cycle (top) and mean PIV cycle 
(upper middle). Flow fields are for T2 at 90°ca bTDC and the best and worst matches 
correspond to cycles 9 and 115 respectively. The overlaid black arrows indicate the overall 
flow motion. For the individual cycles, every vector is plotted to show the small-scale variation. 
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Qualitatively, the simulated flow field and mean PIV flow field are well matched, with the 

simulation predicting slightly higher flow speeds. This reflects the spatially averaged flow 

speeds plotted in Figure 5.17, where the simulated flow speed lies within the variation of 

the measurements. In contrast, there is a noticeable difference between the simulated flow 

field and that of cycle 115; although there is an overall clockwise tumble motion, it is much 

less coherent than the simulation. The flow on the inlet side of the combustion chamber has 

significantly lower velocity and there is a region of relatively slow velocities in the centre 

of the field of view.  

 

The flow field of cycle 9 is qualitatively a much better match to the simulation than cycle 

115. Although the small-scale variation in the velocity vectors is clearly present, the overall 

flow structure is matched well in terms of speed and direction. The differences between the 

individual cycles and the simulated cycles are highlighted by the fields of CMRI in Figure 

5.21. 

 

 

Figure 5.21 Fields of the combined index (CMRI) quantifying the differences between cycles 9 (left) and 115 
(right) (shown in Figure 5.20) and the simulated flow field at 90°ca bTDC. A low value of CMRI 
indicates a closer match between the individual flow field and the simulation. 

As expected, comparison of individual cycles results in the presence of smaller structures 

in the fields of CMRI, in contrast to the comparisons between the mean PIV cycle and the 

simulation shown in Figure 5.16. In Figure 5.21, it is clear that the field of CMRI for  
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cycle 9 is generally darker than that of cycle 115, which indicates a closer match to the 

simulated flow field. The main difference between cycle 115 and the simulation is 

highlighted by a yellow region on the right-hand edge of the field of view. On inspection 

of the flow fields in Figure 5.20, this patch of high CMRI is due to a region of flow in  

cycle 115 that is directed in almost the opposite direction to that of the simulation, travelling 

at similar velocities. 

 

Figure 5.22 demonstrates the differences between the simulated and measured flow fields, 

including the mean flow field and cycles 9 and 115, by plotting histograms of the flow 

speed at each spatial location. 

 

 
 
Figure 5.22 Histograms comparing the flow speeds throughout the field of view for the flow fields shown in 

Figure 5.20.  
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 Although, the distribution of flow speeds for the mean PIV flow field has a similar shape 

to that of the simulation, the highest flow speeds are approximately 1.5 m/s slower. The 

distribution for cycle 115, which was the worst match to the simulation in terms of CMRI, 

is almost the opposite to that of the simulation; there is a broad peak at lower speeds, which 

reflects what is seen in the corresponding flow field. The shape of the distribution of  

cycle 9 is similar to that of the simulation; however, it is shifted to higher speeds, indicating 

a faster flow. Using the distributions of flow speeds alone might provide misleading results, 

as there is no spatial information about the location or direction of the flow vectors; it is 

possible that a flow field could have a very similar distribution of flow speeds but with a 

very different structure. However, these cycles have been selected using metrics that 

account for alignment and flow speed, hence there is confidence that a cycle with a well-

matched distribution of flow speeds, is also similar in terms of flow structure. 

 

5.5 Summary 

In this chapter, novel metrics for quantifying the differences between vector fields have 

been used to validate RANS simulations of a DISI optical engine with high-speed PIV 

measurements. The normalised WRI and WMI, as well as the CMRI have been used to 

quantitatively compare the simulations and measurements for three different test 

conditions, T1, T2 and T8, which represent three points on the load map of a production 

engine.  

 

The engine speed was 1500 rpm for T1 and T2, and 1750 rpm for T8. T1 was partially 

throttled, in contrast to T2 and T8, which were run at almost full throttle. The valve lift 

profiles varied between the test conditions. Experimental data were used as boundary 

conditions for the simulations, which were performed by engineers at Jaguar Land Rover. 
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Spatially averaged values of the WRI, WMI and CMRI provided insights into global 

differences between the simulations and measurements; the main differences of which were 

identified as: 

• An overprediction of the speed of the intake jet during the valve closing period. 

• A distinct region of slow flow that appears near the intake valve directly after IVC 

for all test conditions is observed in the mean PIV flow fields, but not predicted by 

the RANS simulations. The cause of this is thought to be out-of-plane motion from 

a burst of high velocity gas through the inlet valves during IVC. 

• For a single test condition (T1), the RANS simulations underestimate the flow 

speeds and predict a different flow structure during the compression stroke than 

those of T2 and T8. In contrast, the PIV measurements suggest that the flow 

structures for all conditions are similar, although there are differences in flow 

speeds. 

Although this study demonstrates the use of the WRI, WMI and CMRI for quantitative 

validation of CFD simulations, the metrics can be used to compare any vector fields. It was 

also noted that the use of mean PIV flow fields for comparison with RANS must be treated 

with caution, as the inherent variation in the measured flow fields is not considered. For 

this reason, the metrics were also used to determine how similar the flow fields of individual 

cycles are to the CFD simulations. It was found that there are individual cycles that differ 

significantly the mean PIV cycle. This could be important when validating CFD that is used 

in the design of future combustion systems.
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6 The Effect of In-Cylinder Flow Motion on Combustion  

6.1 Introduction 

In-cylinder flow motion plays a vital role in mixture preparation and has been highlighted 

as one of the main causes of cycle-by-cycle variations in SI engines [39]. The complex 

interaction between the fuel spray and the in-cylinder bulk motion can have a strong 

influence on the homogeneity of the air-fuel mixture at the time of ignition, especially for 

stratified mode operation (see Chapter 1), and has been found to be a significant source of 

cyclic variation [165], [173]–[180]. Furthermore, the flow structure near the spark plug at 

the time of ignition also has a strong effect on the initial flame growth due its interaction 

with the spark plasma [71], [81], [181] and the subsequent convection of the early flame 

kernel [61], [182]–[190]. The turbulent nature of the flow not only causes distortion of the 

spark channel, affecting the timing and location of ignition, but it also interacts with the 

resulting flame kernel by wrinkling its surface, increasing its surface area and the rate of 

combustion. The bulk flow dictates the direction in which the flame is convected, which 

can either encourage or suppress flame growth; if the flame is transported quickly towards 

a flammable region of air-fuel mixture, combustion can proceed rapidly. However, 

excessive heat losses due to contact between the flame and the spark electrodes or cylinder 

walls may result in quenching and poor combustion performance. The period of initial 

flame growth that dictates the phasing of combustion is known to occur before the pressure 

rise due to combustion is observed on the in-cylinder pressure trace [191], therefore optical 

and numerical methods have been used to study its importance as a source of cyclic 

variation. 
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A range of optical diagnostic techniques have been used simultaneously to investigate in  

detail the effect of in-cylinder motion on combustion. Peterson et al. [192], [193] used high-

speed PIV, Mie scattering and Planar Laser Induced Fluorescence (PLIF) to investigate the 

complex interactions between the in-cylinder flow field, fuel spray and resulting fuel 

distribution on combustion performance of a GDI engine in stratified mode. One of the 

main causes of partial burn cycles and misfires was slow flame propagation due to strong 

flow velocities that transport the flame kernel away from the flammable mixture. 

Additional studies simultaneously combined dual-plane OH-LIF and stereoscopic PIV to 

provide a detailed description of the three dimensional flame transport in a SI engine under 

homogeneous, stoichiometric conditions [194], [195]. A combination of high-speed PIV, 

spray imaging and flame imaging was used by Zeng et al. [196] to investigate the 

combustion performance of a GDI engine operated in stratified mode with E70 fuel. It was 

possible to link the flow direction and kinetic energy in a region near the cylinder head to 

the spray angle and subsequent combustion performance. High kinetic energy in this region 

combined with a less collapsed spray resulted in a high burn rate, whereas cycles with the 

opposite flow characteristics resulted in partial burns. In additional work, Zeng et al. [197] 

performed similar tests on the same engine, focussing on the use of intake-generated swirl 

to reduce cyclic variability. It was found that increased swirl ensured that the early flame 

kernel was consistently transported towards one spray plume that straddled the spark plug, 

which resulted in a more repeatable flame propagation. Without swirl, the spark plasma 

was randomly stretched either side of the spark plug, interacting with either spray plume 

and leading to higher variability in the direction of flame propagation, which occasionally 

resulted in partial burning cycles. A downside to the introduction of strong swirling flow 

was found to be an increase in soot emissions [198]. Subsequent tests using simultaneous 

PIV measurements, IR imaging and flame imaging revealed that the combination of swirl 
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and tumble resulted in an asymmetric distribution of the fuel vapour before combustion, 

which correlated spatially with soot luminosity. This series of work highlights the 

complexities of the interactions between the in-cylinder flow motion and fuel spray, and 

their effect on combustion performance. 

 

Most commonly flow measurements are made using planar PIV at a single location in the 

combustion chamber, which is typically the central tumble plane or a slice of the swirl plane 

near the firing deck. However, work completed by Bode et al. [199], [200] investigated the 

effect of the three dimensional field on cycle-by-cycle variation in combustion performance 

in a stratified charge GDI engine. The first study used two high-speed lasers to measure 

flow fields in the central tumble plane and one mid-valve plane quasi-simultaneously. It 

built on work competed previously by Stiehl et al. [173], [174] which discovered that 

variations in the intake-generated tumble flow were the cause for variations in the second 

injection of a triple injection strategy. Bode et al. [199] used statistical correlation analysis 

to demonstrate links between regions of the flow and variations in IMEP, with maximum 

values resulting from flows that favoured early flame propagation. These regions of flow 

could be tracked back through the cycle to the mid-valve measurement plane. Krüger et al. 

[86] demonstrated how this analysis can be used in the design of new combustion systems 

by combining the experimental data with simulated CFD data to produce an updated intake 

geometry that resulted in reduced variation in the in-cylinder flow motion. In their second 

study, Bode et al. [200] improved the setup by using an acousto-optical-deflector to 

measure three tumble planes quasi-simultaneously (central and two mid-valve planes). 

Similarly, the focus of the work was cycle-by-cycle variations, however in this case, the 

engine was operated under lean homogeneous mode and used a tumble flap in the intake 

system to vary the in-cylinder tumble motion. The same statistical correlation analysis was 



                                  The Effect of In-Cylinder Flow Motion on Combustion 

 162  

applied to the velocity fields from all three planes and it was found that increased tumble 

motion resulted in more favourable flow near the spark plug, transporting the early flame 

kernel towards the centre of the cylinder. This was due to a more central tumbling motion 

across all three measurement planes, in contrast to the low tumble case where the main 

tumble vortex was distorted and more variable. 

 

Combining optical diagnostics with pressure-based measurements have been used 

frequently to explore the effects of the in-cylinder flow fields on combustion. A common 

method is to analyse the combustion performance of many cycles and sort them according 

to certain criteria such as peak pressure, angle of peak pressure, IMEP or burn durations 

calculated from heat release analysis (e.g. CA10, CA50, etc.). This allows slow-burning 

and fast-burning cycles to be selected for further analysis using optical methods in order to 

find correlations between local parameters, such as the in-cylinder flow speeds, and global, 

pressure-derived parameters. A thorough conditional analysis was performed by Schiffman 

et al. [201] in an attempt to find the main causes for cycle-by-cycle variations in a research 

optical SI engine operating in homogeneous mode using propane or methane as the fuel. 

High-speed PIV measurements were combined with in-cylinder pressure measurements 

and flame-imaging to correlate combustion indicators (CA10 and IMEP) with 416 metrics 

for a large range of test conditions. A pre-screening process reduced the number of metrics 

to the seven most significant before a multivariate statistical analysis was used to find which 

parameters were the leading factors affecting the early burn rate, characterised by CA10. 

Among the most important factors affecting the burn rate were the magnitude and direction 

of the velocity field, and the shear strength near the spark plug at the time of ignition. The 

parameter with the greatest effect on CA10 was found to be the time taken for transition 

from a laminar to turbulent flame, as estimated by OH* flame imaging. This typically 
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occurs before the in-cylinder pressure transducer detects a rise in pressure due to 

combustion (< CA01), and so highlights the importance of the ignition event and its effect 

on subsequent combustion. Zeng et al. [202] extended this study by studying the effect of 

in-cylinder flow on the delay from laminar to turbulent flame propagation using PIV and 

flame imaging in the swirl plane. Their conclusions agreed with [201] as they found that 

local flow conditions near the spark at the time of ignition correlated with CA10, with 

favourable conditions resulting in the flame travelling symmetrically through the 

combustion chamber. In a less extensive study than [201], Truffin et al. [203] used 

conditional analysis to investigate the leading causes of cycle-by-cycle variations using 

LES simulations of a homogeneous charge SI engine using propane as the fuel. One stable 

condition (stoichiometric mixture) and two unstable conditions (lean mixture and nitrogen 

dilution) were simulated and validated with experiment, before a multivariate statistical 

analysis was performed to find the leading causes of cyclic variation. They found that the 

direction and magnitude of the flow near the spark was one of the leading causes of 

variability in flame ignition and subsequent combustion variability. 

 

Rather than focussing on the flow near the spark plug, Ding et al. [204] used a combination 

of Particle Tracking Velocimetry (PTV), PLIF and  flame imaging to investigate the effect 

of in-cylinder flow speeds and fuel distribution on combustion in a small region near the 

surface of the piston in a PFI engine using iso-octane under stoichiometric conditions. 

Using conditional analysis, a region of flow near the piston surface was found to correlate 

with the peak pressure, which was used here as a proxy for burn rate. High velocity flows 

parallel to the surface of the piston resulted in faster combustion. The expanding flame then 

caused acceleration of these flows near the piston, which was found to have a dramatic 

effect on the boundary layer.  
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In this work, the effect of in-cylinder flow motion is investigated using a combination of 

pressure-based analysis, high-speed planar PIV measurements and flame imaging. 

Pressure-based combustion indicators are used to split the data into fast and slow burning 

cycles before a thorough investigation of the in-cylinder flow fields is performed to 

quantify links between flow-derived quantities and combustion performance.  

 

6.2 Experimental Setup 

Table 6.1 outlines the operating condition that has been used to investigate the effect of in-

cylinder flow on combustion. For this, high-speed planar PIV was used to measure in-

cylinder velocity fields under motored and fired operation. Simultaneous high-speed 

measurements of in-cylinder, inlet and exhaust pressures were recorded to monitor 

repeatability of conditions for each test. 

 

6.2.1 Engine operating conditions 

Figure 6.1 shows plots of the pressure traces and valve lifts for motored and fired operation. 

 

Figure 6.1  Plots of the cylinder pressure traces for motored and fired operation. Inlet and exhaust valve 
lifts are also shown. All coloured lines are individual cycles to show the experimental variation 
and the black lines indicate mean values. 
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Table 6.1 shows the engine operating conditions for the firing test. 

Table 6.1 Engine operating conditions. 

Engine speed (RPM) 1000 
Manifold Air Pressure (kPa) 38 
Air volume flowrate (L/s) 1.03 
Intake air temperature (°C) 45 
Coolant temperature (°C) 23 
Inlet valve opening/closing  
(°ca aTDC gas exchange) 

15 / 135 

Inlet maximum valve lift (mm) 6.1 
Exhaust valve opening  
(°ca aTDC gas exchange) 

468 / 16 
 

Fuel Iso-octane 
Injection pressure (bar) 200 
Injection timing  
(°ca bTDC combustion) 

280 

Injection duration (ms) 0.61 
Spark timing (°ca bTDC combustion) 20 
 λ 1.0 
Average IMEPn (bar) 1.63 
COVIMEPn (%) 2.57 
Average Pmax (bar) 14.6 
COVPmax (%) 6.32 

 

 

Iso-octane at 200 bar was injected during the induction process at 280°ca bTDC to provide 

a homogeneous mixture. The engine was throttled, resulting in a manifold air pressure of 

0.38 bar and an average peak pressure of 14.6 bar. The COVIMEPn, an indicator of 

combustion stability, was 2.57%, which is within the acceptable limits typically set by 

automotive manufacturers. A test condition with low values of IMEP was chosen to 

preserve the quartz components; although rated to a peak pressure of 60 bar, they have been 

known to fail under much lower peak pressures. As discussed in Chapter 5, for the PIV 

measurements, a conservative estimate of the number of cycles required to produce a 

representative mean flow field is 300. Therefore, 300 cycles have been recorded in 3 tests 
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of 100 cycles each. Figure 6.2 shows a plot of net IMEP for the whole dataset, highlighting 

each test run. 

 

Figure 6.2  Plots of net IMEP for300 cycles split into 3 independent runs of 100 cycles each. The mean for 
each test run is also shown displaying ± 1 standard deviation. 

 

6.2.2 PIV setup 

Details of the PIV setup for these tests are shown in Table 6.2. See Chapter 3 for the general 

setup of the PIV system in the tumble plane. 

Table 6.2 Details of the PIV setup for all conditions. 

Range of recorded CAD 
(°ca bTDC combustion) 

330 – 35  

Number of cycles 300 
Spatial resolution (mm) 1.96 
Vector resolution (mm) 0.98 
Field of view (mm2) 45 ´ 40 

 

Figure 6.3 shows the field of view in the combustion chamber for the PIV measurements 

and a schematic of the PIV measurement timings. 
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Figure 6.3 Example of the PIV field of view for all measurements (left) and a schematic of the PIV 
measurement timing (right). For fired operation, the PIV measurements were not recorded 
during fuel injection (highlighted by the grey region) due to the large amount of scattered light 
from the laser sheet impacting liquid fuel droplets. The timings of flame imaging are highlighted 
by the blue region. 

Velocity measurements were made under both motored and fired operation. For fired 

operation, PIV measurements were unavailable during fuel injection, from 280 to  

265 ° ca bTDC. During this period, the scattered light from the seeding particles is 

overpowered by the large amount of scattered light from the liquid fuel droplets. The dt 

was optimised iteratively for each crank angle, ensuring that the maximum particle 

displacement was less than 8 pixels (1/4 of the 32 ´ 32 pixel interrogation window). The 

processing procedure is described in Chapter 3. 

 

6.2.3 Flame imaging 

Flame images were captured using a high-speed CMOS camera (Photron FastCam  

PCI-1024) at an acquisition frequency of 6 kHz, resulting in an image every 1°ca from 

33°ca bTDC to 26°ca aTDC. The schematic shown in Figure 6.4 demonstrates the imaging 

setup for capturing flame images. 
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Figure 6.4 Schematic of the imaging setup used for the simultaneous combustion imaging and PIV 
measurements. 

. 

Flame images were captured from below the combustion chamber using the 45° mirror and 

quartz piston window. As the PIV laser also enters the combustion chamber from this 

direction, a split mirror was required to reflect the light from combustion onto the second 

camera, while also allowing the PIV laser sheet to safely pass. The laser sheet impacted the 

cylinder head along the central tumble plane, which resulted in a very strong reflection that 

is directly imaged by the flame imaging camera. In order to prevent damage to the camera 

sensor, a filter was used to reduce the intensity of the scattered laser light, which resulted 

in images of low intensity. The camera was triggered by a TTL pulse from the engine ETCS 

system, which was logged to ensure synchronicity between the PIV and pressure 

measurements. 

 

The general schematic for processing the combustion images is shown in Figure 6.5. A 

background image is subtracted from the raw image to remove any scatter present from the 

impacting laser sheet. The image is then masked to remove regions that are blocked by the 

piston. An adaptive thresholding method is used to binarise the flame and identify its 

boundary, which is then smoothed using a Gaussian filter. The resulting mask is then 
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reapplied to the background subtracted image and overlays are added to show the progress 

of the flame in the combustion chamber.  

 

Figure 6.5 A schematic demonstrating the processing of the flame images used in the following analysis. 

 

6.3 Results and Discussion 

The objective of this work is to investigate the effect of the in-cylinder flow on the rate of 

combustion by combining pressure-based combustion indicators, in-cylinder velocity 

measurements and flame imaging. Before the fired results are presented, the differences 

between the flow fields under motored operation and those with fuel injection and 

combustion are discussed. 

 

6.3.1 The effect of fuel injection and combustion on in-cylinder flow 
structure 

 

For the velocity measurements under motored and fired operation, the boundary conditions 

were held constant. However, for the firing case, the in-cylinder conditions are likely to be 
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different due to fuel injection and the presence of exhaust gas residuals in the combustion 

chamber during induction. Furthermore, the temperature of the bulk gas temperature is 

higher by approximately 100 K, as indicated by previous thermometry measurements in 

this engine [77]. Figure 6.6 shows plots of ensemble averaged, spatially averaged  

mass-specific kinetic energy (defined in Chapter 3) of the flow throughout the cycle with 

markers indicating the mean ± 1 standard deviation for both motored and fired conditions. 

This is a useful global parameter to determine large differences in the flow speeds between 

tests, however it does not provide any information about differences in flow structure.  

 

Figure 6.6  Plots of the ensemble averaged, spatially averaged kinetic energy for all cycles under motored 
and fired operation. Due to the large difference in flow velocities throughout the cycle, the 
compression stroke is aslo shown in detail on the right. Markers indicate ±1 standard deviation 
about the mean. Valve lift is shown to highlight the higher flow velocities due to the high-speed 
intake jet.  

The left-hand plot also shows the valve lift trace to highlight the period where the inlet 

valves are open. For both motored and fired cases, the flow velocities are significantly 

higher while the inlet valves are open, due to the presence of the intake jet. For PIV 

measurements immediately after the opening of the inlet valve, the distribution of seeding 

particles is highly variable as there has not been sufficient time for the oil droplets to be 

transported throughout the field of view. Therefore, the velocity measurements from  

330°ca bTDC to 315°ca bTDC have been omitted.  
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The fuel spray prevented velocity measurements from 280°ca bTDC to 265°ca bTDC for 

the firing cases. As discussed previously, any differences in flow kinetic energy between 

the two cases are due to the effects of combustion and/or fuel injection. Therefore, it would 

be useful to separate these effects by measuring the flow fields with fuel injection only. 

However, this experiment was performed for a different test condition using a similar valve 

lift profile, and it was found that the fuel condenses and forms dense clouds that prevent 

PIV measurements for a considerable portion of the cycle. This is demonstrated in  

Figure 6.7, which shows plots of the in-cylinder pressure trace and a raw image of the 

condensation cloud.  

 

Figure 6.7  Plots of the mean in-cylinder and intake pressures (top) and an example of a raw image of the 
condensed fuel clouds due to the effect of early inlet valve closing (right). 

As the inlet valve closes during the induction stroke, the in-cylinder pressure decreases to 

a minimum value of 0.285 bar due to the downward motion of the piston. The reduction in 

pressure and temperature in the cylinder causes dense clouds of fuel to condense, which 

scatter the laser light much more strongly than the oil droplets and so prevent any velocity 

measurements for a considerable duration of the cycle. This phenomenon did not appear 

during fired operation as in-cylinder temperatures are approximately 100 K higher [77].  
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On inspection of the plots of spatially-averaged kinetic energy in Figure 6.6, there is a 

noticeable difference in the flow kinetic energy between the motored and fired cases 

directly after fuel injection. However, at 285°ca bTDC, immediately before fuel injection, 

the kinetic energy of both flows is almost equal. This suggests that the difference 

immediately after fuel injection is due to the influence of the spray. The kinetic energy of 

the flow for fired operation is initially greater than for motored operation, but then 

decreases at a faster rate as the valve closes. To investigate any spatial differences between 

motored and fired operation, the ensemble averaged flow fields at 260 and 255°ca bTDC 

are shown in Figure 6.8.   

 

 

Figure 6.8 Ensemble averaged flow fields for both fired (left) and motored (right) operation at 260 and 
255°ca bTDC demonstrating similar flow structures after fuel injection. 

 

There are no obvious differences in flow structure between fired and motored operation, 

which is dominated mainly by the intake jet with the flow angled from the inlet valves to 
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the bottom right of the field of view. Fuel injection appears to only have an effect on the 

magnitude of the flow velocity, which is initially greater for fired operation, but rapidly 

dissipates. 

 

For both motored and fired cases, as the valves closes, there is a sudden increase in kinetic 

energy at 235°ca bTDC this is due to a small pocket of high-speed gas that enters the 

combustion chamber due to the short duration of the valve closing period, also seen for 

similar valve lift profiles in Chapter 5. Throughout the remainder of the induction stroke, 

the kinetic energy of the flow in the field of view decreases. The plot on the right-hand side 

of Figure 6.6 focusses on the compression stroke, as this is hidden in the left-hand image 

due to the difference in ranges of flow speeds between the induction and compression 

strokes. By the latter stages of the compression stroke, the differences in kinetic energy 

between motored and fired operation that were observed directly after fuel injection have 

largely disappeared. For the fired case, the flow kinetic energy is slightly greater than that 

of the motored case, but it lies within the variation of the motored dataset. Work 

investigating the effect of fuel injection on in-cylinder flow by Chen et al.[205] and Zhuang 

et al.[206] also found that direct injection of fuel early in the cycle does not result in 

significant differences in the in-cylinder flow field by the end of compression. 

 

To demonstrate the general flow structure for fired operation, Figure 6.9 shows a selection 

of ensemble-averaged flow fields from throughout the compression stroke.  
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Figure 6.9 Vector fields showing the flow development after the inlet valve has closed for fired operation. 
Every other vector has been plotted for clarity. 

A strong tumbling motion is set up by the induction process and as the cycle progresses, 

the tumble vortex moves from the inlet to the to the exhaust side of the field of view. By 

90°ca bTDC, it has started to move upwards as the piston travels towards the cylinder head. 

At 35°ca bTDC, the digital mask applied during PIV post-processing has removed the 

regions of the field of view where the piston feature has blocked the scattered light from 

the oil droplets. It is worth noting that the laser sheet is located in the central tumble plane 

and enters the combustion chamber through the flat piston window, midway between the 
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piston features. Therefore, the vectors that appear to be coming from the solid surface of 

the piston feature, are in reality located in the central tumble plane where the lower region 

of the sheet has been blocked from view by the piston. At this time, the mean flow fields 

possess a clockwise rotating motion with the bulk flow travelling across the spark plug 

from the inlet to exhaust. 

 

Although inspection of mean flow fields is a useful way of observing the general flow 

structure for given inlet conditions, for investigation into cyclic variation, a more detailed 

analysis of the flow fields of individual cycles is required.  

 

6.3.2 The effect of in-cylinder flow on combustion 

General flow characterisation 

As discussed in Section 6.1, a common method for identifying flow features that influence 

combustion involves the combination of flow field analysis and in-cylinder pressure 

measurements. The in-cylinder pressure trace provides an independent method of 

identifying cycles that differ in terms of rate of combustion, which can then be used to 

perform conditional analysis on the velocity measurements. One of the simplest pressure-

derived combustion indicators is the angle at which peak pressure occurs, and this has been 

used in this work to identify fast and slow burning cycles.  

 

In a first attempt to identify important flow features that affect combustion, it is useful to 

take the extremes of the dataset and search for noticeable differences between the 

corresponding flow fields. This provides a starting point from which to investigate 

statistically significant flow features that influence the rate of combustion. The left-hand 

plot in Figure 6.10 shows in-cylinder pressure traces for all 300 cycles (grey lines), two of 
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the fastest and slowest burning cycles (blue lines and red lines) as indicated by the angle of 

peak pressure, and the cycles with the highest (purple line) and lowest (yellow line) 

spatially averaged kinetic energy throughout the compression stroke. The right-hand plot 

shows the corresponding spatially averaged kinetic energy. 

 

Figure 6.10 Plots of in-cylinder pressure (left) and spatially averaged kinetic energy (right) for the two cycles 
with the fastest combustion (blue lines), slowest combustion (red lines), and the cycles with the 
highest (purple line) and lowest kinetic energy (yellow line). 

The right-hand plot in Figure 6.10 shows the considerable variation in the flow kinetic 

energy for the whole dataset. It is clear that cycles with the highest kinetic energy near the 

end of the compression stroke do not necessarily result in the fastest combustion. Although 

the two slow burning cycles both appear to have lower kinetic energy throughout the 

compression stroke, one of the fast burning cycles has comparable kinetic energy at  

35°ca bTDC. The cycle for which the flow has the highest kinetic energy throughout 

compression is one of the fastest burning, and the cycle with the lowest kinetic energy is 

relatively slow burning. 

 

Although kinetic energy is a useful metric for indicating the activity of the in-cylinder flow, 

it provides no spatial information about the location of the kinetic energy in the combustion 

chamber. An important feature of the flow fields is the magnitude and direction of the 

velocity vectors in relation to the spark plug at the time of ignition. Figure 6.11 shows 
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vector plots of the in-cylinder flow field at 35°ca bTDC (15°ca before ignition) for the same 

cycles shown in Figure 6.10. 

 

 

 

 

Figure 6.11 Plots of the in-cylinder flow fields for the two cycles with the fastest combustion (top), slowest 
combustion (middle) and the cycles with the highest and lowest kinetic energy (bottom) at 35°ca 
bTDC, 15°ca before ignition. 

The flow fields reflect the plots of spatially averaged kinetic energy with the slow burning 

cycles containing flow speeds that are 20% slower on average than the fast burning cycle 

with high kinetic energy (Fast cycle #1). The flow speed of other fast burning cycle  

(Fast cycle #2) is very similar to that of the slow burning cycles, however the flow structure 

near the spark plug is significantly different; for the fast burning cycle, the flow is directed 

towards the inlet port. In contrast, the flow of the slow burning cycles is travelling parallel 

to the cylinder head from inlet to exhaust, across the spark plug. Similar features can also 
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be seen for the other fast burning cycle and the cycles with the highest and lowest kinetic 

energy, corresponding to relatively fast and slow rates of combustion. 

 

Conditional analysis 

Inspecting individual cycles at either extreme of the dataset in terms of rate of combustion 

maximises the opportunity of observing flow features that influence combustion. However, 

due to the nature of cyclic variation in DISI engines (as seen in the pressure trace and 

spatially averaged kinetic energy in Figure 6.10), meaningful conclusions can only be 

drawn from statistical analysis of the whole dataset. For this reason, the following analysis 

reduces the dataset of 300 cycles into 3 subsets of 30 cycles each, which represent the 

fastest and slowest 10% in terms of burn rate as well as the most average 10%, denoted 

here as ‘medium burn’. Figure 6.12 shows these subsets using the in-cylinder pressure trace 

overlaid on all the cycles of the dataset. 

 

Figure 6.12 Plots showing the cycles selected for the conditional analysis of the velocity measurements using 
the angle of peak pressure as an indicator of the rate of combustion. 

In the same way, the corresponding velocity measurements are reduced into subsets of fast, 

medium and slow burning cycles. Ensemble averages and associated statistics of flow-

derived parameters can be calculated and compared, as shown in the left-hand plot of  

Figure 6.13, which displays ensemble averages of the kinetic energy for fast, medium and 



                                  The Effect of In-Cylinder Flow Motion on Combustion 

 179  

slow burning cycles on a background of all individual cycles and their ensemble mean. The 

right-hand plot shows how the peak pressure, which can be treated as an indicator for the 

rate of combustion, is related to the spatially averaged kinetic energy, averaged throughout 

the compression stroke. 

 

Figure 6.13 Plots showing the spatially averaged kinetic energy (left) of in-cylinder flows for the ensemble 
averages of 30 fast burning cycles (blue line), 30 slow burning cycles (red line), 30 cycles with 
average burn rates (yellow line) and the average of all cycles (black line). On the right, mean 
kinetic energy of the conditioned datasets are plotted against peak pressure. Markers indicate 
1 standard deviation of the mean. 

 

On inspection of both plots, there appears to be a trend indicating that cycles with higher 

kinetic energy later in the compression stroke result in a faster burn rate, and the opposite 

for cycles with lower kinetic energy. It is also worth noting that the ensemble average of 

the kinetic energy for the cycles with the medium burn rate agrees well with the ensemble 

average of all cycles, which indicates that the mean of the medium burn subset is 

representative of the mean of the whole dataset. Furthermore, the fact that there is a 

transition from fast to medium to slow burning cycles in terms of spatially averaged kinetic 

energy suggests that there is link between burn rate and in-cylinder flow. However, it is 

clear from the right-hand plot, that there is no statistically valid correlation between kinetic 

energy and peak pressure on an individual cycle basis, which suggests that kinetic energy 

alone is not the only factor involved in dictating the rate of combustion. As discussed 

previously, the location and direction of regions of flow with high kinetic play an important 
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role in ignition and the development of the early flame. Therefore, in order to determine 

features of the flow that influence the rate of combustion, the spatial information of the 

flow fields must be considered. Figure 6.14 shows the progression of the ensemble-

averaged flow fields for fast and slow burning cycles from 65°ca bTDC to 35°ca bTDC. 

   

 
Figure 6.14 Plots showing the progression of the mean in-cylinder flow fields of 30 fast burning cycles 

(left) and 30 slow burning cycles (right) from 65°ca bTDC to 35°ca bTDC.  
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Comparison of the two sets of flow fields reveals that the difference in kinetic energy is 

due to a region of relatively fast flow located just above the piston, which is directed 

upwards towards the inlet valves. Although the flow in this region has a similar direction 

for the slow burning cycles at 65 ° ca bTDC, it is approximately 3-4 m/s slower in 

comparison to the flow field of the fast burning cycles. This region of fast flow persists 

until the final measurement at 35°ca bTDC, where it remains angled away from the spark 

plug, towards the inlet valves. In contrast, the flow above the piston for the slow burning 

cycles has less momentum and by 35°ca bTDC has been rotated clockwise by the large-

scale tumble motion so that it is directed towards the spark plug. 

 

6.3.2.1 Flow field analysis using the WRI and WMI 

Figure 6.14 demonstrates that there are significant differences between the ensemble 

averaged flow fields of fast and slow burning cycles. Therefore, investigating regions of 

the flow that are most different between the two flow fields could provide indicators of 

what flow features have the greatest influence on the rate of combustion. The quantitative 

metrics introduced in Chapter 4, the Weighted Relevance Index (WRI) and the Weighted 

Magnitude Index (WMI), provide a method of determining regions of the flow fields that 

are the most different in terms of flow direction and magnitude, which can then be 

investigated in more detail. The method used for this analysis is demonstrated in  

Figure 6.15, and involves obtaining a mask from the values of the WRI and WMI that 

exceed a certain threshold for the comparison between the ensemble averaged fast and slow 

burning subsets. The left-hand plot shows flow fields for the fast and slow burning cycles 

overlaid on top of each other, and the corresponding WMI as the background. As shown 

previously in Figure 6.14, the flow above the piston is considerably faster for the fast 

burning mean cycle, which results in higher values of the WMI. Close to the cylinder head 
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and spark plug, the velocity vectors, although misaligned, have similar magnitudes and low 

values of the WMI as a result. A mask is generated by selecting a threshold for the metric 

(1.2 in this case), and any vector that exceeds this value is then used to define the mask. 

The right-hand plot shows the corresponding mask generated from the WMI at this crank 

angle (50°ca bTDC). This process is then repeated for each crank angle and the result is a 

set of masks for the WMI and WRI, which are used to extract regions of the flow fields 

from individual cycles in order to assess their effect on combustion. 

 

Figure 6.15 Plot of the normalised WMI between the ensemble averaged flow fields for fast and slow burning 
cycles (left) and a plot of the resulting mask using a threshold value of 1.2 for the WMI (right). 
Vectors have been enlarged to aid visualisation.  

 

Figure 6.16 shows the masks (grey regions) generated by the WRI and WMI from  

60°ca bTDC to 35°ca bTDC, which is the range of crank angles that will be analysed in 

detail as there is the largest difference in both magnitude and alignment between the 

ensemble averaged flow fields of fast and slow burning cycles. It can be seen that the masks 

extract different regions of the flow throughout this crank angle range. The mask generated 

from the magnitude comparison highlights a region of flow located immediately above the 

piston where there is a noticeably higher velocity for the cycles with faster combustion. 

This region of fast flow persists throughout the compression stroke until the final 

measurement at 35°ca bTDC. In contrast, the mask generated from the alignment metric 

initially highlights a region that is located centrally in the field of view, which then grows 

in size and, by 35°ca bTDC, occupies the whole inlet-side of the combustion chamber.  
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Figure 6.16 Plots displaying the masks determined by the WRI (left) and WMI (right), which are used to 
select regions of the flow that will be investigated in more detail. Every third vector shown for clarity.  
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Figure 6.17 demonstrates how the masked regions are used to compare different flow fields. 

After the masks have been applied to the conditioned subsets, the vectors that lie within the 

masked region are then spatially averaged to produce a single vector that represents the 

mean direction and magnitude of that region of flow. The mean vectors are then ensemble 

averaged within the conditioned subsets to produce an average vector, which can then be 

compared for fast, medium and slow burning subsets. The statistical variation of the 

magnitude and direction of the vectors are also calculated and plotted as wedges of 

variation, displaying ±  1 standard deviation in both direction and magnitude. 

 

 

Figure 6.17 Plots demonstrating the process of producing average vectors from a masked region of the flow   
fields: highlighting the regions that exceed the threshold (top left), spatially averaging the 
masked vectors to produce a single flow vector a given flow field, and finally ensemble averaging 
all mean vectors in a subset of fast, medium and slow burning cycles to produce a representative 
flow vector and the variation (in this case, ± 1 standard deviation for flow magnitude and 
direction). 

 

Analysis of ensemble averaged flow vectors 

Figure 6.18 and Figure 6.19 show the results of this analysis for both the WMI and WRI 

masks from 60°ca bTDC to 35°ca bTDC. On inspection of both figures, it is apparent that 

there is a consistent trend for all the crank angles shown, and both sets of masks; there is a 
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progression in terms of flow direction from the fast burning cycles to the medium burning 

cycles, and finally to the slow burning cycles. This trend was also present in the plots of 

kinetic energy and indicates that there is a link between the rate of combustion and the flow 

characteristics captured by these masked regions. As well as the vectors of the subsets, the 

ensemble mean flow vector of the whole dataset is also plotted with its variation. In general, 

the mean vector of the medium burn subset is very similar to that of the whole dataset, 

although the variation is larger for the whole dataset than that of the medium burn subset. 

This indicates that the mean flow vector of the medium burn cycles is a good representation 

of the mean of the whole dataset, in contrast to the fast and slow burning subsets, which 

are considerably different.  

 

 

Figure 6.18 Plots of ensemble averaged flow vectors for regions masked by the WMI (shown in Figure 6.16), 
for fast (blue), medium (yellow), slow (red) burning subsets, and all cycles (grey). The coloured 
wedges denote ± 1 standard deviation of flow magnitude and direction for each subset. Negative 
u is directed towards the inlet and positive u is directed towards the exhaust. 

 

The plots for the WMI masked region from 60°ca bTDC to 45°ca bTDC, highlight a region 

of flow immediately above the piston where, on average, there is a highly directed volume 

of gas with high velocity that is travelling towards the inlet side of the cylinder head for the 
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fast burning subset. In contrast to the slow burning subset, the average flow speed is 

approximately double, and the standard deviation in flow direction is over 3 times lower. 

The highly directional nature of the flow in this region for the fast burning cycles remains 

for all crank angles, with only small changes in the directional variation. The average 

direction of the flow vectors for slow burning cycles is initially similar to that of the fast 

and medium cycles at 60°ca bTDC, however the flow is progressively rotated clockwise by 

the tumbling flow entering the field of view near the cylinder head on the inlet side. By 

35°ca bTDC, the average direction and speed of the flow for slow burning cycles is notably 

different to that of fast burning cycles, as it is angled towards the exhaust valves with 

approximately half the speed. Although the flow vector for medium burning cycles lies in 

between the two extremes, it is angled more closely to the fast burn subset, which suggests 

that the flow angles of the whole dataset are skewed towards those of the fast burning 

cycles. The variation in flow direction for all subsets except that of the fast burning cycles 

increases for each crank angle, indicating that fast burning cycles tend to have more a 

repeatable flow feature in this region during compression. 

 

The plots shown in Figure 6.19 present the results of the conditional analysis using the WRI 

as a mask, which extracts a different region of the field of view in comparison to the WMI 

mask (refer to Figure 6.16 for details).  
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Figure 6.19 Plots of ensemble averaged flow vectors for regions masked by the WRI (shown in Figure 6.16) 
for fast (blue), medium (yellow) and slow (red) burning subsets, and all cycles. The coloured 
wedges denote ± 1 standard deviation of flow magnitude and direction for each subset. 

 

This region is located approximately midway between the piston surface and the cylinder 

head, on the inlet-side of the combustion chamber. In this region, the flow for the fast 

burning cycles tends to be directed towards the inlet valve due to the volume of high-speed 

gas located above the piston. Meanwhile, flow for the slow burning cycles tends to be 

directed more towards the spark plug, due to the influence from the high-speed tumbling 

flow entering the field of view from the inlet side of the combustion chamber. The 

difference in flow direction between the fast and slow burning subsets increases during the 

compression stroke, with almost a 90° separation in flow angle by 35°ca bTDC. These plots 

lead to a similar conclusion as that of the WMI masked data; the flow for fast burning 

cycles tends to have higher speeds and be directed away from the spark plug, in contrast to 

that of slow burning cycles, which is slower and angled towards the spark plug and exhaust 

valves. 
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Analysis of individual flow vectors 

Analysis of the conditionally averaged vectors reveals that there are significant differences 

between the flow features that are present for fast and slow burning cycles. However, the 

wedges of variations show that there is considerable spread in both flow direction and 

magnitude within the conditional averages. Therefore, it would be interesting to investigate 

the relationship between the flow field and combustion on a cycle-by-cycle basis. 

 

Figure 6.20 and Figure 6.21 show plots of the spatially averaged flow vectors of the 

individual cycles from the which the ensemble averages were calculated for the plots in 

Figure 6.18  and Figure 6.19. The top-left plot in Figure 6.20 shows the pressure traces of 

all cycles in the 300-cycles dataset, as well as the subsets of fast and slow burning cycles, 

and both the fastest (purple line) and slowest (cyan line) burning cycles. The corresponding 

flow vectors using the WMI mask are displayed in the adjacent three plots for crank angles 

55°ca bTDC, 45°ca bTDC and 35°ca bTDC to investigate the significant increase in flow 

angle variation observed in the ensemble averaged vectors.  
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Figure 6.20  Plots of the spatially averaged flow vectors for individual cycles using the WMI mask for a 
sequence of crank angles: 55°ca bTDC (top right), 45°ca bTDC (bottom left) and 35°ca bTDC 
(bottom right). The plot of the pressure trace (top left) indicates the fast and slow burning 
subsets (blue and orange lines), the fastest and slowest burning cycles (purple and light blue), 
as well as all cycles in the 300-cycle dataset (light grey). This colour scheme applies to all 
these plots and those in Figure 6.21. 

 

As expected, the tends that were observed in the ensemble averaged flow vectors are 

reflected by the individual cycles; fast burning cycles tend to have a region of flow with 

high velocity, directed towards the inlet valves. However, the plots of individual vectors 

demonstrate the considerable variation in flow fields throughout the whole dataset. At 

55°ca bTDC, all flow vectors of the fast burning subset are directed towards the inlet valve. 

Surprisingly, several flow vectors from the slow burning subset lie among the distribution 

of vectors from the fast burning subset. The rest are much slower and are directed vertically 

upwards and towards the right. From 45 to 35°ca bTDC, the spread of slow burning vectors 
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increases substantially, although a number of vectors remain indistinguishable from those 

of fast burning cycles. There is also a large number of flow vectors from the remaining 

80% of the dataset that fall within the distributions of both the fast and slow burning cycles, 

which result in ‘normal’ combustion. The vectors for the fastest and slowest burning cycles 

both behave as expected. The plots of individual WRI-masked flow vectors from 45 to 

35°ca bTDC are shown in Figure 6.21.  

 

 

Figure 6.21 Plots of the spatially averaged flow vectors for individual cycles using the WRI mask for a 
sequence of crank angles: 45°ca bTDC (top right), 40°ca bTDC (bottom left) and 35°ca bTDC 
(bottom right). The colour scheme is the same as that given in Figure 6.20. 

 

There is a clear separation between the majority of flow vectors from the fast and slow 

burning subsets for each crank angle. At 35°ca bTDC in particular, apart from a single 

anomalous flow vector for a slow burning cycle, there is an almost binary split between the 

fast and slow burning subsets. The masked region at this crank angle covers the whole left-
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hand side of the field of view, therefore the flow vectors for the fast burning cycles are 

directed towards the inlet valves whereas the vectors of the slow burning cycles are angled 

towards the spark plug and exhaust valves. Similar to the WMI-masked plots, the flow 

vectors for the fastest and slowest cycles follow the trends of the ensemble averaged results. 

 

6.3.3 Flame imaging analysis 

To investigate the effect of the in-cylinder flow field on early flame propagation, a high-

speed camera was used to image the flame every crank angle from 33°ca bTDC to  

26°ca aTDC. Spark ignition occurred at 20°ca bTDC, therefore the motion and growth of 

the flame kernel was captured. The processing procedure for the flame images, described 

in Section 6.2.3, removes the background and extracts the contour of the flame. From these 

contours, metrics that quantify the growth of the flame such as the flame area and centroid 

location can be calculated. These metrics will be used to discuss the cyclic variation in 

flame development.  

 

Figure 6.22 shows examples of the flame progression for the fastest and slowest burning 

cycles (cycles 73 and 145 respectively), alongside plots of mass fraction burnt (MFB) 

derived from the in-cylinder pressure trace using the Rassweiler and Withrow method[207], 

as outlined in Chapter 2 . The direction of the bulk tumble motion at the spark plug is shown 

as well as the location of the PIV measurement to aid orientation (see Figure 6.4 for more 

details). It should be noted that due to the limited field of view through the 45 mm diameter 

quartz piston crown, the flame imaging analysis can only be performed up until the point 

where any part of the flame reaches the edge of the field of view. The flame will continue 

to grow after this time, however the edge of the flame can no longer be tracked. 
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Figure 6.22 Flame contours showing the growth of the flame after spark ignition for the cycles with the fastest 
(cycle 73,top  left) and slowest (cycle 145,top  right) combustion. The colours denote the crank 
angle at which each flame contour occurs in relation to the spark timing (20°ca bTDC). Plots of 
mass fraction burnt (bottom) demonstrate the difference in burn rate indicated by in-cylinder 
pressure measurements.  

The flame contours indicate a number of differences between the two cycles; the flame for 

the fast-burning cycle appears only 1 crank angle degree after ignition, which is 4 degrees 

before the flame is detected for the slow burning cycle. When the flame does appear from 

behind the spark plug ground electrode in the slow burning cycle, it remains close to the 

spark plug for a longer duration than the fast burning cycle. Heat transfer from the flame to 

the spark plug electrodes is a known cause of flame quenching and could be the cause of 

this delayed flame growth.  

 

Tumble 
motion 

PIV view 
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The flame structures are also significantly different between the two cycles. For the fast 

burning cycle, after the flame has been initiated, it grows rapidly in all directions, spreading 

throughout the combustion chamber. In contrast, the flame for the slow burning cycle grows 

asymmetrically towards the exhaust valves. At the time it reaches the edge of the field of 

view, only a small fraction of the flame has travelled towards the inlet valves. From the raw 

images, the flame only reaches the limit of the field of view on the inlet side of the 

combustion chamber 39°ca after ignition, in comparison to 17°ca for the fastest burning 

cycle. 

 

There are clear differences between the initial flame growth and its subsequent 

development for the fastest and slowest individual cycles. To investigate if similar flame 

structures appear for the whole dataset, this analysis must be applied to all cycles. Figure 

6.23 shows plots of the normalised flame area for all cycles alongside the mass fraction 

burnt derived from the pressure trace. The flame area is calculated by binarizing the 

processed flame image and summing the number of pixels in the resulting region. The 

summation is then normalised by the total number of pixels in the field of view to produce 

a value that indicates the flame coverage.  

 

Figure 6.23 Plots of the normalised flame area calculated from the combustion images (left) and the mass  
fraction burnt (MFB) for all cycles. All cycles are plotted in grey and the subsets of fast (blue 
lines), medium (yellow lines) and slow (red lines) burning cyces, as defined previously, are also 
highlighted. 
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As discussed previously, the flame image processing is only valid until the flame reaches 

the edge of the field of view. Therefore, the curves of flame area in the left-hand plot appear 

to end abruptly at different crank angles for each cycle. The subsets of fast, medium and 

slow burning cycles, as defined by the angle of peak pressure, are also highlighted in both 

plots. It is clear that the period of rapid flame growth occurs earlier for fast burning cycles 

in comparison to slow burning cycles. This agrees well with the pressure-derived 

calculations of MFB, demonstrated by the correlation between the crank angle of 10% MFB 

(CA10) and the crank angle at which the flame occupies 20% of the field of view, shown 

in Figure 6.24. 

 

Figure 6.24 Scatter plot of the angle of 10% MFB (CA10) against the angle at which the flame area occupies 
20% of the the field of view. The line of best fit and R2 value are also shown.  

Due to the reduced field of view through the quartz piston, it is only possible to track the 

initial flame development. Therefore, it is difficult to compare the growth rate of the fully 

developed flame using the optical measurements. In order to investigate whether the slow 

burning cycles result from slow initial flame growth or a slow fully developed flame, 

pressure-derived calculations of mass fraction burnt are used. Figure 6.25 plots CA10, an 

indicator of the early flame growth, and CA10-90, which is an indicator of the growth rate 

of the fully developed flame. The dataset has been sorted in ascending order using CA10 

to emphasise any trends.   
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Figure 6.25 Plots of CA10 and CA10-90for the whole dataset, sorted by CA10. 

The plot of CA10 demonstrates the variation in early flame growth for all cycles, with 13°ca 

difference between the extremes of the dataset. In contrast to the relatively large range of 

CA10, the plot of CA10-90 remains almost constant for all cycles, albeit with fluctuations 

from cycle to cycle. This indicates that the variation observed in the burn rates throughout 

the dataset is primarily due to the early flame development, which is captured by the flame 

imaging setup. 

 

Plots of normalised flame area in Figure 6.23 indicate that there is a wide range of flame 

growth rates for all cycles, therefore it is worth investigating whether there are repeatable 

flame structures that indicate poor combustion performance. The flame contours for the 

slowest burning cycle, shown in Figure 6.22, revealed a strong asymmetric flame growth 

towards the exhaust valve in contrast to the flame of the fastest cycle, which spread rapidly 

in all directions. To investigate if these features are common among the whole dataset, the 

flame images were separated into subsets corresponding to the rate of combustion, in the 

same way as the velocity data in Section 6.3.2. The flame images within each subset are 

then used to build up maps showing the frequency of occurrence of the location of the 

flame. The frequency is normalised by the total number of cycles in the subset to give 

values that range between 0 and 1. Figure 6.26 shows maps of presence probability of the 

flame for the subsets with the 30 of the fastest and slowest burning cycles.  
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Figure 6.26 Plots showing the flame presence probability for a number of crank angles for the 30 fastest 
(left) and slowest (right) cycles. A value of 1 indicates that the flame is present at the location 
for all the cycles in the subset. The orientation of the cylinder head is the same as that shown 
in Figure 6.22.  

PIV view 

Tumble 
motion 



                                  The Effect of In-Cylinder Flow Motion on Combustion 

 197  

These plots indicate that the observed differences between the flame structures of the fastest 

and slowest burning cycles are consistent with those that are present for the corresponding 

subsets. By 3°ca after ignition, there is already a difference between the two subsets, with 

a higher proportion of fast burning cycles moving away from the spark plug. The difference 

between the 2 subsets increases with crank angle as the flames of the fast burning subset 

grow faster than those of the slow burning subset. By 9°ca after ignition, the contour 

indicating 10-20% presence probability is already greater than the same contour for the 

slow burning subset at 12°ca.  

 

Not only is the rate of flame growth different between the subsets, but there are also 

significant differences between the spatial locations of the flames. Similar to the fastest 

burning individual cycle, the flames of the fast burning subset tend to grow in a more 

uniform manner, spreading throughout the combustion chamber in all directions. It is also 

interesting to note that by 9°ca after ignition, 90-100% of the flames of the fast burning 

cycles have moved towards the inlet valves. This is even more apparent by 12°ca after 

ignition, where a large proportion of the 90-100% presence probability contour is located 

closer to the inlet side of the combustion chamber. However, the opposite is true for the 

subset of slow burning cycles; the presence probability contours indicate that, by 12°ca 

after ignition, most of the flames have grown towards the exhaust valves. Shortly after 

12°ca after ignition, the flame of the fastest burning cycle reaches the limit of the field of 

view, however the fastest of the slow burning cycles only reaches the limit by 18°ca after 

ignition. Therefore, Figure 6.27 shows plots of the flame presence probability for 15°ca 

and 18°ca after ignition. These emphasise that the flames of slow burning cycles tend to 

move towards the exhaust side of the combustion chamber. 
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Figure 6.27 Plots of flame presence probability at 15°ca and 18°ca for the subset of slow burning cycles, 
where the flames reach the limit of the field of view. The scale and orientation are the same as 
the images shown in Figure 6.26.  

A potential cause of flame propagation that results in poor combustion performance is the 

in-cylinder motion prior to ignition. In Section 6.3.2, analysis of the conditionally averaged 

velocity data revealed that there are significant differences in the flow fields of fast and 

slow burning cycles; Figure 6.18 and Figure 6.19 both show average flow vectors that 

indicate that the flow for cycles with rapid combustion tends to be directed towards the 

inlet valve, whereas for slow burning cycles, the flow is directed towards the spark plug 

and exhaust valves. The individual flow vectors, shown in Figure 6.20 and Figure 6.21, 

also show this and reveal the considerable variation for the whole dataset. These trends 

agree with the observations of the flame transportation towards the exhaust valves for slow 

burning cycles, and towards the inlet valves for the fast burning cycles. Figure 6.28 shows 

the distribution of flame centroids throughout the combustion chamber for all cycles at the 

crank angle at which the flame occupies 20% of the field of view. The flame centroids for 

the fast and slow burning cycles are also highlighted. 
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Figure 6.28 Plots showing the locations of the flame centroids at the crank angle at which the flame occupies 
20% of the field of view. All cycles are shown by grey circles, the fast burning subset by blue 
squares and the slow burning subset by red triangles. The purple box is enlarged for the image 
on the right to show the centroid positions in more detail.  

This plot shows the large variation in the movement of the flames for the all cycles in the 

dataset. The distribution of flame centroids appears skewed to the front of the engine (left 

of the plot), which could indicate flow motion in the swirl direction. The ground strap of 

the spark plug could also be inhibiting the motion of the flame towards the rear of the 

engine (right of the plot). As suggested by the plots of flame presence probability in  

Figure 6.26, flame centroids of 25 of the 30 slow burning cycles are transported towards 

the exhaust valves. That said, there are many flames that are located further towards the 

exhaust valves that result in faster combustion. The distribution of flame centroids for fast 

burning cycles is more uniform than that of slow burning cycles, with 60% located closer 

to the inlet valves. The more evenly distributed flame centroids reflect the more uniform 

growth of the flames for fast burning cycles in comparison to the highly asymmetric flame 

progression for slow burning cycles  

 

To investigate the correlation between the translation and growth of the flame, and the in-

cylinder motion on cycle-by-cycle basis, the fluid velocity and flame displacement are 

compared in a common directional component, the x-direction. Figure 6.29 shows a plot of 

flame centroid displacement relative to the spark plug in the x-direction (from inlet to 
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exhaust) at 11°ca after ignition against the u-component of the in-cylinder velocity, 

spatially averaged using the WRI mask at 35°ca bTDC (also shown in  Figure 6.29, top). 

The size and colour of the markers, and the vectors, indicate the normalised flame area.  

 

 

Figure 6.29 Plot showing the displacements of the flame centroids in the x-direction (relative to the spark 
location) for all cycles at 11°ca after ignition against the u-component of the spatially averaged, 
WRI-masked velocity vector at 15°ca bTDC (bottom). The size and colour of the markers denote 
the normalised flame area. Shown above are the spatially averaged flow vectors in the  
WRI-masked region at 35°ca bTDC with the colour scale indicating flame growth at 11°ca after 
ignition. The direction of the y-axis is the same as the plot of flame centroids in Figure 6.28. 

 

The distribution of the sizes of the markers reveals that, in general, the flame growth is 

slower for positive values of u (towards the exhaust valve). Ensemble averaged and 
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individual vector plots in Figure 6.19 and Figure 6.21 indicated that the flow for slow 

burning cycles tends to be angled towards the spark plug. As these flow vectors were 

selected using the pressure-derived combustion indicator, which was shown to correlate 

well with the optical flame growth indicator, it is not surprising that these vectors lead to 

slow flame growth. That said, the conditioned subset of slow burning cycles used the 

extremes of the dataset; Figure 6.29 indicates that the link between flame growth and flow 

direction is not limited only to the extremes of the fast and slow burning cycles, but applies 

in general to the whole dataset. Furthermore, inspection of the vector plot reiterates this 

finding that the vast majority of vectors angled to the right (positive values of u) are 

coloured dark blue, indicating slow flame growth. A negative u-component, or a vector 

directed away from the spark plug, towards the inlet valve, tends to result in fast flame 

growth rates, as indicated by the relatively large proportion of larger markers.  

 

The line of best fit is plotted to indicate the correlation between the location of the flame 

centroid in the x-direction in relation to the spark plug, and the u-component of velocity in 

the region masked by the WRI. The general trend suggests that as the flow direction 

switches from inlet to exhaust, the flame moves as expected. However, the R2 value of 0.43 

does not indicate a strong correlation and there are a number of outliers that appear to 

suggest the opposite of the general trend. There are a number of reasons why this could be 

the case; although the in-cylinder flow is three-dimensional, the PIV measurements are 

made in a single plane in the centre of the cylinder, therefore there is no knowledge of the 

swirl velocities in the region of the spark plug. Even though there is a dominant tumble 

motion for this engine, out-of-plane velocities could have a significant effect on the motion 

of the flame and its development. For this analysis, the flow vectors have been spatially 

averaged over regions of the field of view by using metrics to quantify the greatest 
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differences between fast and slow burning cycles. Within these regions, there could be 

considerable variation of the velocity vectors that is hidden by the spatial average. For 

example, it is possible for a small eddy to be present within the region, which would affect 

the spatial average. Furthermore, flame imaging is a line-of-sight measurement and so any 

flame motion in the z-direction is unknown.  

 

6.4 Summary 

The work in this chapter has investigated the effect of in-cylinder flow motion on the cyclic 

variation of combustion by using simultaneous high-speed PIV measurements and flame 

imaging. Velocity measurements were made from 330°ca to 35°ca bTDC in increments of 

5°ca, capturing both the induction and compression processes. A high-speed camera was 

used to capture images of the flame every crank angle degree until 26°ca aTDC, by which 

time the flame had reached the edge of the field of view for all cycles. The angle of peak 

pressure was used to condition the velocity measurements for fast and slow burning cycles. 

Ensemble averages of the flow fields for the fastest and slowest 10% (30) of cycles were 

then compared using the quantitative metrics, the WRI and WMI (defined in Chapter 4). 

This analysis identified regions of the flow with the greatest differences in terms of 

alignment and magnitude, which were then converted into masks and applied to the flow 

fields of the whole dataset. Spatial averages of these masked flow fields were then used to 

find flow features that influence combustion performance. 

 

Analysis of the combustion-conditioned, ensemble averaged flow vectors revealed that 

there are significantly difference flow features present for fast and slow burning cycles: 
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• The WMI-masked flow vectors demonstrate a region of highly directed, fast flow 

directly above the piston that is twice as fast for fast burning cycles in comparison 

to slow burning cycles. 

• For fast burning cycles, this fast region of flow is directed towards the inlet valve 

at 60°ca bTDC and remains as such over the range of crank angles. For the slow 

burning cycles, however, the region of the flow is rotated clockwise by the tumble 

motion towards the spark plug and exhaust valves throughout the latter stages of 

compression. 

• The WRI-masked flow fields reveal significant differences between the fast and 

slow burning cycles in a different region to the WMI, with flow directions towards 

the inlet and spark plug respectively.  

• By 35°ca bTDC, the average flow direction is almost 90 degrees different between 

fast and slow burning cycles. 

 

Analysis of the corresponding individual flow vectors reflects the results of the ensemble 

averaged analysis, and also demonstrates the large variation present for all cycles. The 

WRI-masked flow vectors show that there is almost a binary split between fast and slow 

burning cycles at 35°ca bTDC, with all the flow vectors for fast burning cycles directed 

towards the inlet valves, and all but one of the vectors for slow burning cycles directed 

towards the spark plug. 

 

Analysis of the flame images revealed that the flames of fast burning cycles tend to grow 

rapidly in all directions, in comparison to those of the slow burning cycles that appear to 

move towards the exhaust valves. Direct comparison of the u-component of the velocity 

vector for the WRI-masked region at 35°ca bTDC and the displacement of the flame 
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centroid in the x-direction revealed a weak link between the flame position and flow 

direction. However, there is a trend for the whole dataset that indicates that poor 

combustion results from flow motion that is directed towards the exhaust valves. Rapid 

flame development was found to result from vectors that are directed towards the inlet 

valve. 

 

An interesting addition to this work would be to investigate the origins of the differences 

in in-cylinder motion that influence combustion. For the current PIV setup, the fast region 

of flow located above the piston appears from the exhaust side of the field of view during 

the compression stroke. However, it is very difficult to track this pocket of high-speed gas 

back in time without observing the flow motion for the whole cylinder. Determining the 

cause of this distinct flow feature could aid the design of future combustion systems. 
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7 Conclusions and Future Work 

This chapter provides a summary of the work included in this thesis and a number of 

suggestions for future research. 

 
7.1 Summary 

The objective of this project was to develop an optical engine test facility that can provide 

valuable in-cylinder velocity measurements to aid the validation of CFD simulations 

performed by engineers at Jaguar Land Rover and also provide insight into the performance 

of the Ingenium combustion system. Chapter 1 provides an overview of the current 

challenges facing the automotive industry, as well as a brief summary of the operation of 

DISI engines. The optical engine and auxiliary systems used in this work have been 

outlined in Chapter 2. A range of optical access is offered via a selection of cylinder liners 

including a full steel barrel, a full quartz barrel, and a short steel barrel with a quartz 

annulus. The top surface of the liners has a curved profile to provide uninterrupted views 

of the fuel injector and spark plug. The intake system has been designed to provide a wide 

range of operating conditions including boosting and a continuously variable valve lift 

system. This facility ensures that a broad range of optical diagnostics can be applied; in this 

work, a high-speed Particle Image Velocimetry (PIV) system has been installed and 

commissioned.  

 

Chapter 3 provides the general theory of the PIV technique and outlines the system that has 

been installed on the optical engine. The system is capable of providing planar flow field 

measurements at a rate of 3.7 kHz at full resolution (1280 ´ 800 pixels) and a total of 6000 

frame pairs in single test. The sheet optics and camera are both mounted on motorised 
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translation stages to allow quick and simple alignment of the sheet in the combustion 

chamber. The timing delay between the laser pulses can be varied throughout the cycle to 

account for variation in flow speeds and improve the dynamic range of the measurements. 

Application of PIV in an optical engine results in some specific challenges that must be 

addressed to ensure the quality of the results. One of the main issues is the excessive 

scattered light from the reflective surfaces of the cylinder head and walls. A number of 

methods have been investigated to reduce the scattered light, including matt black paint, 

fluorescent paint with appropriate optical filters, and varying the polarisation of the laser 

light. Fluorescent paint was found to be promising in terms of scatter reduction; however, 

it must be sufficiently robust to withstand the energy in the focussed laser sheet. Matt black 

paint proved to be the most effective and robust method of reducing scatter from the pent-

roof and cylinder walls. A quarter-wave plate was used to convert the polarisation of the 

laser light from linear to circular in order to equalise the scatter from the cylinder head and 

improve the contrast of the particle images. 

 

Chapter 4 provides a summary of existing methods that are used to quantify the differences 

between flow fields, both experimental and simulated. The relevance index (RI) is 

identified as a useful tool that provides an absolute measure of the similarity between two 

flow fields in terms of alignment. However, by definition it does not account for the 

magnitudes of the velocity vectors, therefore regions of mis-aligned, low-speed vectors 

carry the same weight as mis-aligned, high-speed vectors. This can lead to misleading 

spatially averaged results for flows with rotating structures such as those present in modern 

DISI engines designed for large-scale tumble motion. The relevance index was modified to 

produce a new metric, the Weighted Relevance Index (WRI), that accounts for the local 

flow velocities. In this way, mis-aligned vectors with high kinetic energy are penalised 
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more than those with low kinetic energy. Similarly, a metric named the Weighted 

Magnitude Index (WMI), has been developed to quantify differences in flow speed between 

two velocity fields. A combined metric that accounts for both alignment and magnitude 

was found to be a useful tool for comparing flow fields, therefore the Combined Magnitude 

and Relevance Index (CMRI) was developed. An example of its application is investigating 

how many cycles are required to produce a representative mean flow field. A large dataset 

of 1000 cycles was split into smaller subsets that ranged in size from 2 to 999 randomly 

sampled cycles and then compared with the mean of the whole dataset. It was found that 

300 cycles is a conservative estimate for the number of cycles required to produce a 

representative mean.  

 

The metrics developed in Chapter 4 are applied in Chapter 5 to compare experimental flow 

fields and those predicted by CFD RANS simulations for three different test conditions 

over a range of engine speeds and loads. The metrics were able to determine a number of 

differences between the measured and simulated flow fields: 

• The simulations consistently predicted higher intake jet velocities during the 

induction process, as the valve is closing. 

• For all conditions, the simulations failed to predict a region of low-speed flow that 

develops near the cylinder as the intake valve closes, which then affects the 

structure of the subsequent tumble flow. This is thought to be a region of the flow 

with high out-of-plane velocities due to the intake jet cutting through the 

measurement plane. 

• For a single test point, T1, the differences between the simulated and measured flow 

fields increased throughout the compression stroke. This is in contrast to the other 

two test points, T2 and T8, which are very well matched. The CFD simulation for 
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T1 predicted a delayed motion of the tumble vortex in comparison to T2 and T8, 

which resulted in a different flow structure during the compression stroke.  

 

These results highlight the advantages of the newly developed metrics over conventional 

metrics in exposing differences between flow fields that could potentially be hidden by 

spatially averaging, which is necessary for comparisons of large datasets.  

 

All these comparisons have been made between a RANS simulation and ensemble averaged 

PIV measurements. The CMRI has also been used to investigate if there are flow fields of 

individual cycles that better match the simulated flow field than the ensemble average PIV 

flow field. It was found that there are indeed individual cycles that differ significantly from 

the mean PIV cycle and the simulation. In contrast, some individual cycles were found to 

be similar to the simulation, even though they include small-scale structure not present in 

the simulated flow fields due to the nature of the RANS method. 

 

Chapter 6 investigates the effect of the in-cylinder flow field on cycle-by-cycle variations 

in combustion. Flow field measurements were made every 5°ca throughout the induction 

and compression strokes until 15°ca before ignition. In-cylinder pressure measurements 

were used to conditionally sample the cycles to form subsets of the 10% fastest burning, 

10% medium burning and 10% slowest burning cycles. This conditioning was also applied 

to the flow field measurements in order to investigate any flow features that significantly 

influence combustion variation. The WRI and WMI were used to find the regions of 

greatest difference between the ensemble averages of the fast and slow burning subsets. 

The greatest difference in alignment between the two subsets tended to be a region of flow 

located at the inlet side of the engine, which was directed towards the inlet valve for the 
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fast burning cycles, and the spark plug for the slow burning cycles. The region determined 

by the WMI was located directly above the piston, where the flow tended to be significantly 

faster for fast burning cycles in comparison to slow burning cycles. These regions were 

then used to mask the flow fields of the whole dataset in order to produce a single vector 

for each cycle that represented the flow direction and magnitude in the masked region. 

Although, there was considerable variation in the spread of vectors for the whole dataset, 

trends indicated that flow directed towards the spark plug at 15°ca before ignition resulted 

in lower burn rates. In contrast, flows with higher velocity directed towards the cylinder 

head approximately 30°ca before ignition, resulted in faster combustion.  

 

Synchronous broadband imaging of the flame agrees with these conclusions; not only do 

the flames of slow burning cycles appear to remain near the spark plug for longer in 

comparison to those of fast burning cycles, but they also tend to grow asymmetrically 

towards the exhaust valves. In contrast, the flames of fast burning cycles travel more 

uniformly in all directions, filling the field of view more quickly. Although the flow 

analysis and combustion imaging suggest that flows directed towards the spark plug 15°ca 

before ignition result in slower combustion, there was no strong correlation between the 

displacement of the early flame centroids and the flow velocity. 

 

7.2 Future work 

Throughout the course of this work, a number of areas for future work have been identified 

and are discussed here. 

 

All the flow measurements in this work were taken in the central tumble plane. Although 

the intake system of this engine is designed to produce a strong tumble motion, the in-
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cylinder flow is highly three-dimensional. Therefore, it would be interesting to measure the 

flow in other planes such as the swirl and cross-tumble. The piston crown features 

prevented measurements past 30°ca bTDC in this work, however, viewing through the 

transparent piston crown for the swirl plane would not be affected in the same way. 

Synchronous flow measurements and combustion imaging could be captured across TDC 

to investigate the effect of flow structures at the time of ignition, and the influence of the 

flame itself on the surrounding flow field. This would be particularly useful for further 

validation of CFD simulations.  

 

In this work, comparisons were made between RANS simulations and ensemble-averaged 

PIV flow fields. The comparison of individual cycles to the simulations was also briefly 

discussed, and it was found that it is possible for the flow field of an individual cycle to 

better match the simulation than the ensemble average flow field. However, due to the 

nature of RANS simulations, which use averaged equations, it is unclear how appropriate 

it is to use individual cycles as validation. Further investigation into methods of improving 

the validation process for CFD simulations using individual cycles would be useful and 

particularly important for simulations of combustion. 

 

The metrics defined in Chapter 4 were able to extract regions for the flow that were 

considerably different between fast and slow burning cycles. In particular, there was a 

region of fast flow located above the piston surface that appeared to result in a faster burn 

rate. A useful addition to this work would be to investigate a robust method of determining 

the origin of these fast pockets of gas. Identifying the source of differences in the flow 

fields would provide useful information to aid the design of future combustion systems.  
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It would be interesting to add to the work of Chapter 7 by investigating the link between 

the rate of combustion and turbulence. In this work, the effect of the bulk flow on the rate 

of combustion was investigated. However, turbulence is known to have a significant effect 

on the rate of flame growth, therefore it would be interesting to analyse the current dataset 

in further detail in an attempt to correlate turbulent flow parameters with pressure-based 

combustion indicators or flame-imaging data. For flows in engines, it is not trivial to 

separate in-cylinder turbulence and cyclic variation of the bulk flow. However, there are 

methods involving temporally and spatially filtering data to separate the contributions of 

turbulence from the bulk flow. Furthermore, the current PIV system provides in-cylinder 

flow measurements with a spatial resolution of 1.96 mm, which is sufficiently fine to 

resolve the integral length scale in engines.  
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