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Abstract 

Experimental chemical kineticists use rapid compression machines (RCMs) to verify models of global 

reactivity of fuels in as an ideal environment as possible, similar to those experienced in internal 

combustion engines. An RCM compresses a fuel mixture to an elevated temperature and pressure in less 

than 20 ms and maintains this high energy state until the onset of ignition. The time from the end of 

compression to the rapid rise in pressure due to ignition is defined as the ignition delay time (IDT) and is 

measured using dynamic pressure sensors located in the chamber wall. This phenomenon is characteristic 

of a given fuel at a given condition and is usually plotted as a function of compressed temperature. Due 

to the difficulties in performing direct, real time temperature measurements, including the “facility effect” 

of heat loss from the compressing gases to the chamber wall, the “adiabatic core principle” is used to 

estimate the temperature of the compressed gases at the end of compression prior to the onset of ignition 

as a function of compressed pressure. The assumptions made to use this numerically convenient tool fail 

if aerodynamics, introduced during the compression phase, transports cooler boundary layer gases to the 

central ‘adiabatic’ core which leads to an inhomogeneous compressed-gas temperature field. Creviced 

pistons are widely used to suppress the formation of roll up vortices that are initiated at the edge of the 

piston face caused by the motion of the piston relative to the cylinder wall. 

This investigation introduces a pilot project to observe the aerodynamic behaviour of the gases during and 

post compression, and to visually evaluate the efficacy of the creviced pistons in suppressing the formation 

of corner vortices. The observations were carried out in a working, dual opposed piston RCM. A 

rudimentary 2-D particle imaging velocimetry (PIV) arrangement was developed in-house to evaluate the 

feasibility of this type of investigation. A 50 mW, 520 nm Osram synchronised pulsed laser diode with 

planar sheet optics was used as a light source, in conjunction with a Chronos 1.4 off-the-shelf consumer, 

high speed camera at 1000 frames per second. Cooking grade corn starch was used as tracer particles. A 

dedicated, optical chamber was developed to mechanically support the Schott Duran Precision bore sight 

glass to provide optical access to the compressed volume. The volume was sealed using Epotek T7110 

high temperature epoxy. A bespoke particle delivery system using nitrogen as the drive and compressed 

fluid was employed. As direct compressed measurement was not feasible due to difficulties encountered 

in penetrating the sight glass, 13 bar compressed pressures were estimated through comparison with 

pressure time histories from the standard reaction chamber under similar conditions. Image post-

processing was carried out using Davinci Resolve, to improve contrast and sharpness, to convert to 

greyscale and to generate discrete image output. Lens induced distortion was improved using Matlab and 

an engraved calibration grid. The flow fields were evaluated using PIVlab. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION  

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE                     

ABSTRACT  

iv | P a g e  
 

 

Despite some shortcomings of the corn starch particles, in terms of flow tracking fidelity, the system as a 

whole performed as expected, and insight into the performance of two piston geometries were compared. 

A qualitative comparison of the non-creviced (flat) and creviced piston geometries revealed a clearly 

discernible and repeatable improvement in using the creviced geometry compared to the non-creviced 

configuration. The purported plane of symmetry, characteristic of a dual opposed piston RCM and of 

special interest to investigators in the field of computational fluid dynamics (CFD), was also confirmed and 

its location as a function of the synchronicity of piston motion and displacement time history was 

investigated. Root mean square (RMS) comparisons of particle velocity among the two piston types on a 

characteristic plane of interest, provided a quantifiable method to compare their performance and also 

permitted direct comparison with a CFD analysis under similar conditions. 

This investigation is by no means an exhaustive study of creviced piston performance, but it serves as a 

low-cost validation of the PIV technique as carried out under the challenges posed by the dual opposed-

piston configuration and serves as a roadmap for future studies of this kind. Recommendations and 

lessons learned from this investigation are presented. The success of the methodologies employed in this 

investigation warrants further effort to study the influence of a wider range of pistons geometries, diluent 

gases and compressed pressures and temperatures on corner vortex formation. 

A number of preparatory and ancillary projects carried during the course of this investigation are 

presented in the Appendices. 
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Chapter 1. Introduction  

In a world where the anthropogenic effects of industrial development on the earth’s climate have 

become widely if not universally accepted, and the voracious energy demands of a burgeoning 

population continue to target ever diminishing hydrocarbon resources, a major goal of combustion 

chemistry researchers is to inform industrial end users of the viability and sustainability of improved 

technologies. While many promising renewable energy technologies are under development, and 

crucial energy storage solutions are being investigated, none are as yet commercially viable 

alternatives to compete with the power density of hydrocarbon fuels. Figure 1-1 presents the 

relative contribution of various energy sources to global demand.  

 

Figure 1-1. Global primary energy consumption. (Data source IEA [1]) 

Global populations are apparently unwilling or unable to modify their behaviour in spite of the 

overwhelming evidence to support the climate change model. There is therefore an even more 

urgent need to develop and use energy sources in a more efficient and sustainable way. As such it 

behoves humanity to support the endeavours of scientists and engineers to develop technologies 

that utilise the dwindling fossil fuel resource in as efficient and responsible manner as possible, in 

the transition to more sustainable energy sources. In the foreseeable future hydrocarbon fuels will 

still play a vital role as discussed by Litvinenko (2020) [2]. Therefore the technologies associated with 

their use must be more efficient for the same end user energy demand, to meet projected carbon 

emission reduction targets.  

Combustion chemistry research plays a crucial role in investigating the burning characteristics of 

a fuel, whether to inform fuel suppliers investigating a new fuel resource or combustion engine 

designers enhancing its performance and efficiency while reducing exhaust emissions with 
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unfamiliar fuel constituents. Rather than relying solely on computationally prohibitive ab-initio 

calculations, combustion chemists utilise kinetic mechanisms comprising individual species and 

elementary reactions with their associated rate constants presented as a function of temperature 

and pressure, the values of which are informed and refined through experimental investigation. The 

verification of these models relies on accurate experimental data, but real-world experimental 

procedures are hampered by non-ideal, real-world constraints, and are often equally informed by 

the chemical models. As one of the central tools in the experimental arsenal, the rapid compression 

machine (RCM) is a mature technology and a valuable asset for data collection in certain engine 

relevant regions of the ignition delay time curve. Facility effects associated with RCMs have been 

well documented in the literature as summarised by Sung and Curran in 2014 [3] and Wadkar et al. 

(2020) [4]. Sources of experimental error include the initiation of chemistry during the compression 

phase, conductive heat losses to the cylinder and chamber walls during- and post-compression and 

the aerodynamic effects introduced through the rapid acceleration and deceleration of the pistons 

as described by Goldsborough et al. (2017)[5] . The occurrence of roll up vortices, which can entrain 

boundary layer gases, are well described, as is the potential of piston geometry optimisation to 

suppress these effects [6-8]. Comprehensive summary of the role and contribution of RCMs in 

chemical kinetics is presented by Sung and Curran (2014) [3], and Kéromnès (2013) [9] and these 

provide an excellent starting point to the advantages and challenges posed by their use in the field. 

Although an ideal instantaneous compression cannot be achieved, and closed systems without 

heat loss are practically unattainable, the thermodynamic effects of heat loss to the walls are well 

understood in relatively homogeneous systems. The post processing of the compressed pressure 

history relies on the ability to derive the end of stroke temperature using the equation: 

∫
𝛾

𝛾−1

𝑇𝐶

𝑇𝑖

𝑑𝑇

𝑇
= 𝑙𝑛 (

𝑝𝐶

𝑝𝑖
)    (Eq. 1) 

Ti and Tc and pi and pC are the initial and compressed gas temperatures and pressures respectively and γ 

is the ratio of the specific heats of the gas. This is performed in order to compare model simulations 

with experimental ignition delay time measurements. This relies on the adiabatic core principle in 

which there is no direct heat transfer between the boundary layer gases and the homogeneous core 

gases, and that compression is essentially isentropic in the core gases. However, this assumption 

relies on the additional assumption that the aerodynamic effects such as roll up vortices are 

effectively suppressed. 

Considerable work has been carried out to simulate the efficacy of piston crevices to suppress 

roll up vortices as outlined in the thesis by Mittal (2006) [10]. Computational fluid dynamic (CFD) 

studies have been utilised in a comparative manner to optimise crevice geometry design [11]. 
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Parameters such as piston throat tolerances, crevice volume and crevice orientation have led to a 

number of differing piston concepts in the community including the concept of crevice containment 

as presented by Mittal and Gupta (2012) [12]. Previous in-house CFD studies and more recent CFD 

analyses carried out by the Department of Engineering in NUIG, have informed piston design and 

led to the current geometry as optimised for the dual opposed piston RCMs in use at the Combustion 

Chemistry Centre (C3) [8, 13]. However, as yet, no comparative empirical analyses using direct 

observation of the compressing gases’ behaviour in a dual opposed piston RCM have been reported. 

The current investigation intends to use a two-phased approach to observe the behaviour of 

suspended particles at the end of, and for a period of time after compression in order to validate 

the results of previous CFD studies under similar pre-compression conditions. The first phase will 

utilise standard high-speed photography and double-pulse laser sheet methods to cross-section the 

observation volume and qualify the presence or absence of the roll up vortex under similar initial 

conditions. The second phase will utilise time resolved particle image velocimetry (PIV) techniques 

to comparatively quantify the velocity field generated using creviced and non-creviced pistons, 

providing data directly comparable with CFD simulations. This ultimately allows the evaluation of the 

efficacy of piston crevice geometry optimisation on roll up vortex suppression. Rather than providing 

an extensive study on the subject, this works aims to provide a roadmap and the tools required to 

carry out a multi-parameter study in future. 

1.1 Combustion chemistry and ignition delay studies 

The following presents an engineering understanding of the underlying principles governing the 

study of ignition delay times and might serve as an introduction to the topic for those from a 

mechanical background, rather than a specialist in the field. It is by no means a comprehensive or 

exhaustive discussion of the topic, but serves to illustrate the rationale for the current investigation 

[14], [15]. 

In its simplest form the combustion of a fuel can be demonstrated in with the reaction of 

hydrogen in the presence of oxygen as shown in Equation 2. 

2H2 + O2 → 2H2O + energy    (Eq. 2) 

However even this seemingly simple equation belies an underlying complexity not immediately 

apparent to the uninitiated. Rather than a simple, single step event, the reaction mechanism is found 

to comprise a more complex series of elementary steps such as unimolecular dissociation reactions 

producing radicals, bimolecular recombination reactions, and even, but more rarely, termolecular 

reactions in combination with undefined molecules or boundary conditions, such as the reaction 
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wall. Each elementary step can produce short lived free radical intermediates such as Ḣ, ȮH, or HȮ2 

that are then consumed by subsequent steps in the mechanism, Table 1-1. The combustion chain 

reaction begins when conditions promote initiation reactions such as the dissociation of stable 

molecules to reactive free radicals through collisions of the correct orientation and with sufficient 

activation energy. Where these free radicals react to produce additional free radicals, they 

contribute to the overall chain reaction which ultimately leads to spontaneous ignition. Reactions in 

which an equal number of radicals exist in the reactants and products are termed chain-

propagations, and where they lead to a net increase in the number of radicals they are referred to 

chain branching reactions. Reactions in which two or more radicals recombine to form a stable 

molecule or when they deactivate on contact with a reactor wall are termed chain termination 

reactions. 

Table 1-1. Reaction mechanism. 

Example Reaction Description 

H2 + M ↔ Ḣ + Ḣ + M Initiation 

O2 + M ↔ Ö + Ö + M Initiation 

H2 + O2 ↔ HȮ2 + Ḣ Initiation  

H2 + ȮH ↔ H2O + Ḣ Chain Propagation 

HȮ2 (+M) ↔ Ḣ + O2 (+M) Chain Propagation 

H2 + HȮ2 ↔ Ḣ + H2O2 Chain Propagation 

H2 + Ö ↔ ȮH + Ḣ Chain Branching 

Ḣ + O2 ↔ Ö + ȮH Chain Branching 

Ḣ + ȮH + M ↔ H2O + M Chain Termination 

HȮ2 + HȮ2 ↔ H2O2 + O2 Chain Termination 

The net balance of reactivity promoting and inhibiting reactions defines the overall reaction time of 

the combustion event. The overall reaction time is usually limited to the slowest reaction (the rate 

determining step) but is also the net sum of all of the reactions in the reaction chain. It is worth 

noting that these reactions are reversible, and the global reaction is influenced by the equilibrium 

of forward and reverse reactions and thus depends heavily of the thermodynamic parameters of the 

chemical species involved. Table 1-1 shows a number of the elementary reactions, and illustrates 

their influence on the global reaction. The dot above some of the reactants or products identifies 

them as free radicals that promote reactivity and highlights the presence of a free valence electron. 

In one study on this seemingly simple combustion reaction as many as nine sub-species and 26 
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reversible elementary reactions occur [16]. The M in the examples denotes an undefined molecule, 

not central to the core reaction, introduced to balance momentum and energy under the collision 

theory assumption. 

While investigation of the reaction mechanism of hydrogen and oxygen is relevant and there is 

still ongoing interest in hydrogen combustion technology in terms of energy storage of wind energy 

[17], [18], power generation [19] and also in vehicular transport [20], the predominant source of fuel 

for the latter still falls squarely in the realms of hydrocarbon fuels. The simplest of these is methane 

(CH4), which is comprised of a single carbon atom surrounded by four hydrogen atoms. 

CH4 + 2O2 → CO2 + 2H2O + energy   (Eq. 3) 

When looking into the reaction mechanisms proposed for this reaction (Equation 2) tens of possible 

intermediaries are produced with hundreds of possible elementary reactions [21]. This is further 

compounded when this investigation is extended to include real world fuels. These are comprised 

of mixtures of numerous fuel species, Figure 1-2, each of which are long-chain hydrocarbons, and 

produce numerous intermediaries and serve to illustrate the importance of a fundamental 

understanding of the underlying chemical mechanisms [22]. In order to interrogate the reaction 

times of complex fuels they are broken down into a series of sub-mechanisms for each component 

fuel species, which can be modelled independently for that fuel. 

 

Figure 1-2. Common fuel constituents. Figure taken from Darcy et al. 2014 [22]. 

 Combustion kinetics 

Chemical kinetics is the study of the progress of reaction as a function of time. Once a plausible 

reaction mechanism has been intuited, it must be used to simulate experimental data and be 

compared to it in order to ascertain whether the mechanism is appropriately predictive or not. The 

rate of reaction is proportional to the concentration of reactants and the rate law relates the rate of 

change of this concentration to the proportionality constant called the reaction rate. The reaction 

specific rate law has a dependence on the stoichiometric coefficient of the reactants, the 
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temperature and the pressure, as well as the thermodynamic properties, such as specific heat, 

entropy and enthalpy of the species involved. The influence of the stoichiometric coefficient on the 

rate of reaction is determined experimentally. While the molecularity of each molecule in an 

elementary equation dictates the order of the reaction, its effect on the global reaction time must 

be gleaned experimentally. 

The rate of reaction is also dependent on both the pressure and temperature of a system. By 

raising the temperature of a gas mixture, the molecules speed up increasing the probability of 

collision, and the energy of each collision, and therefore increasing the frequency of collision under 

the Maxwell-Boltzmann distribution. The Arrhenius equation (Equation 4) is an approximation that 

describes the contribution of increased temperature on the rate constant. 

 
k = A × e(

−Ea
RT

) (Eq. 4) 

Where k is the rate constant, A is the collision frequency factor which is associated with the 

thermodynamic property entropy (S), Ea is the activation energy and is associated with the 

enthalpies (H) of both the reactants and products of the reaction, R is the gas constant and T is 

the temperature. The exponential term describes how many molecules have sufficient energy to 

react. Therefore, it follows that knowing the temperature accurately is crucial, due the exponential 

nature of its influence, to determining the rate constant and rate law of a given reaction. This is 

summarised succinctly in the thesis introduction by Somers (2014) [14]. 

By increasing the pressure of a mixture, the molecules are closer together and are therefore also 

more likely to collide. Pressure increase also equates to temperature increase under the Ideal Gas 

Law. Increased pressure equates to increased concentration of the components in a mixture. The 

following example (Equation 5) shows a simple irreversible, unimolecular reaction.  

 aA ↔ bB (Eq. 5) 

Here the rate of reaction is proportional to the concentration of the reactant raised to the power of 

its stoichiometric coefficient. 

 

−
d[A]

dt
 ∝ [A] 

(Eq. 6) 

Once the proportionality or rate constant (k) is defined through the Arrhenius equation, the rate of 

reaction, equates to the concentration of the reactant raised to the power of its stoichiometric 

coefficient. 

 
−

d[A]

dt
= rate = k[A]𝑎 

(Eq. 7) 
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Therefore, the reaction rate of a given elementary step can vary with direct proportionality with 

respect to pressure and exponential proportionality with respect to temperature. Uncertainties in 

the determination of end of compression (EOC) temperature can have profound impacts on 

determining the global rate of reaction. The role of the theoretical and experimental combustion 

kineticist is to respectively determine and verify the dependence of the rate constant on both 

temperature and pressure. The role of the RCM is to compress a given mixture to a given pressure 

and temperature rapidly, so that the reaction rate of the sample can be determined without pre 

compression reactions clouding the outcome, as shown in Figure 1-3. 

 

Figure 1-3. Example pressure versus time history for gasoline Euro6 E10 ignition at p = 20 bar from 
[23]. 

While certain fuels display primary and secondary ignition, in many fuels the compression event 

takes place in a short enough time to isolate and investigate the effect of pre heat temperature and 

mixture constitution on a single ignition event. The output from IDT experiments usually take the 

form of plots of ignition delay times at a certain preheat temperature for a given mixture at a given 

stoichiometric ratio (φ) as presented in Figure 1-4 below. 

A plot of IDT versus 1/T is characteristic of a sample fuel and is used to verify the theoretical 

simulations with respect to the rate constant of elementary reactions, the global reaction of a given 

sub mechanism and the mechanisms of more complex fuel molecules. It is convenient to display the 

compressed temperature as its inverse, since this can be readily inserted into the exponential term 

of the Arrhenius equation. The following data is taken from a comprehensive study of C1 – C4 fuels 

and represents a comparison between simulation and experiment for ethylene at the described 

conditions as presented by Baigmohammadi et al. (2020) [23]. 
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Figure 1-4. Measured (points) and model predicted (dashed lines) IDTs for ethylene oxidation at φ = 

1.0 in ‘air’ at p = 20 bar [23]. 

It is worth noting that this graph represents IDTs at an equivalence ratio of 1.0 for both high 

pressure shock tube (HPST) data for the faster high temperature region, and RCM data for the 

slower, lower temperature region. NUIGMech_1.1 is a kinetic model developed at C3 and available 

to download at (http://c3.nuigalway.ie/combustionchemistrycentre/mechanismdownloads/) and 

cited in [23], and is represented by the dashed blue lines. The data also highlight the effects 

contamination or pre-ignition can have on agreement with experimental and simulated data. Figure 

1-4 also presents RCM IDT data with the addition of differing diluent gas concentrations, in this case 

the monatomic diluent argon (Ar), which is used to extend the temperature range of the RCM. The 

effects of different diluent gas compositions on the achievable compressed temperature were 

summarised by Würmel et al. (2007) [24]. 

While direct measurement of the pressure time history is relatively straightforward using 

dynamic piezoelectric sensors, determining the rate of change of temperature during and post 

compression is a more challenging undertaking. The combustion chemistry community have 

identified and work to address this challenge. 

http://c3.nuigalway.ie/combustionchemistrycentre/mechanismdownloads/
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 Temperature Estimation 

As outlined above the determination of the rate law for a given reaction is highly sensitive to the 

accurate determination of end of compression temperature. Some efforts have been made to devise 

direct temperature measurement techniques. However, intrusive measurement techniques such as 

thermocouple probes must by their nature extend beyond the boundary layer and invade the 

volume of investigation. This may therefore introduce additional unwanted aerodynamic effects. 

Moreover, the response time of many temperature measurement methodologies are insufficient to 

capture the rapid temperature increase witnessed during the compression phase in an RCM. Weber 

et al. (2015) [25] provide a summary of the challenges posed by direct temperature measurement 

and the uncertainties inherent in RCM temperature estimation methods. Various non-intrusive 

methods of direct end of compression temperatures have been presented. Desgroux et al. (1995) 

[26] utilised Rayleigh scattering to determine the instantaneous local temperature in a RCM after 

compression. Clarkson et al. (2001) [27] also used Rayleigh scattering and employed laser induced 

fluorescence (LIF) to deduce temperature and concentration fields in a single-sided RCM. LIF was 

also employed by Mittal and Sung (2007) [28]. Similarly, non-intrusive optical methods using mid-

infrared H2O absorption have been proposed by Uddi et al. (2012) [29], but have not as yet been 

widely adopted. 

As such, compressed temperature is most commonly inferred from the pressure trace using the 

ideal gas law. In a truly adiabatic and reversible (isentropic) compression the change in temperature 

could be directly related to the volumetric compression ratio. However, truly adiabatic compression 

is not possible due to the drop in pressure due to heat loss. This is commonly referred to as the 

“facility effect” and is defined by the experimental apparatus at a given condition and must be 

characterized across facilities if ignition delay results are to be effectively compared. A summary of 

the features of various international RCMs can be found in Donovan et al. 2004 [30]. 

 Facility effects and the adiabatic core principle 

As discussed earlier the rate of reaction is exponentially dependent on the temperature at the end 

of compression. Therefore, uncertainty in the compressed temperature estimation can have 

profound effects on the uncertainty in the rate of reaction. 

Researchers adopt an adiabatic compression/expansion assumption termed the adiabatic core 

principle first proposed by Fish et al. (1969) [31] and later developed by Hu and Keck (1987) [32]. 

This principle assumes the isentropic compression of the core gases. While heat loss is known to 

occur, and is in fact measured in the pressure-time history, it is assumed to only occur in the thin 

boundary layer close to the chamber walls and not in the core gases. The compressed gas 

temperature, Tcr, can then be calculated from the initial temperature, Ti, initial pressure, pi, and the 
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thermodynamic properties of reactant composition, once the compressed gas pressure is recorded 

using the dynamic pressure sensors. A mathematical approach is adopted to approximate the heat 

loss to a time varying volume by reducing the geometric compression ratio and using the time 

varying temperature dependence of the ratio of specific heats, γ, according to Equation 1. 

 

Figure 1-5. Non-reactive pressure time history from Sung and Curran (2014)[3]. 

Heat loss in a specific facility is characterized by comparing reactive (with oxidiser) and non-

reactive pressure (without oxidiser) traces for a given fuel condition, so that any drop in pressure 

during the induction time can be attributed solely to heat loss. These non-reactive experiments are 

initially recorded as pressure profiles, Figure 1-5, but are converted into normalized effective 

volume/time histories using the isentropic relationship between pressure and density as outlined in 

Burke et al. (2016) [33]. 

This assumption has been validated for specific conditions over numerous experiments [34, 35], 

and its shortcomings in terms of, for example, multi-stage ignition phenomena are discussed in 

Goldsborough et al. (2013) [36]. It does, however, rely on the assumption that the compressed 

volume is homogeneous in terms of temperature distribution in the core gases and without the 

debilitating influence of gas aerodynamics. The following section outlines known aerodynamic 

features that can form and potentially undermine the homogeneous temperature distribution. 

 Compressed gas aerodynamics and roll-up vortices 

Vortex formation is relevant to many different scientific and engineering fields and as such has been 

widely studied. Vortices form where fluids with differential velocity fields slide past each other 

creating localized shear or viscous friction. This can happen where two fluid flows oppose each other, 

or where a wall is moved past a perpendicular wall, or where a piston moves in a cylinder, Figure 1-

6. The governing mathematics is still a topic of considerable interest. 
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Figure 1-6. Representation of a corner vortex. 

As far back as the 1800s Helmholz and Prandtl made observations describing the vortex 

formation between opposing flows of liquid. The work of the former is discussed by Moffat (2008) 

[37] and Wu (2018) [38] and the latter is described in the work by Kambe in 2006 [39]. Tabacsynski 

et al. (1970) [40] later carried out investigations into the pre-dominance of the inertial effects on 

corner vortex formation using a moving wall experiment, while Allen and Chong (2000) [41] 

investigated the formation of vortices with a moving piston experiment and further developed 

models to estimate their size. This work also described the ability of the vortex to entrain the 

boundary layer into the in-viscid fluid, and thereby physically move pockets of the former into the 

latter. This has significant implications for RCM operations as this is the transport mode that leads 

to localised temperature heterogeneity in the core gases. 

Vortices are initiated in the corner where the forward moving piston is almost in contact with the 

cylinder wall. Since the cylinder has a circular cross section the vortex forms toroidally, with flow in 

the direction of piston motion near the centreline of the bore and counter flow near the cylinder 

walls. The size of the vortex is dictated by the fluid mechanical properties of the gas mixture being 

compressed and the speed of the piston during compression [8]. Also numerous studies have shown 

that vortex formation is more pronounced in low pressure regimes, and high pressure conditions are 

often used as references for CFD analysis, as discussed by Mittal et al. (2018) [11]. An essential 

property of the RCM is to match the instantaneous idealised compression as closely as possible, in 

order to reduce heat loss and the occurrence of chemistry during the compression phase. This by 

definition means that the pistons must have high velocity. The dual-opposed piston RCM was an 

attempt by Affleck and Thomas (1968) [42] to reduce the compression time while maintaining a high 

compression ratio, since two pistons moving toward each other reach the compressed volume more 

quickly than one piston moving on its own given the same included stroke and piston velocity. 
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Vorticity is initiated by shear gradients within the compressing gases. Boundary layer gases move 

slower than those in the middle of the flow field due to friction with the cylinder walls. The vortices 

are initiated at the start of piston motion and increase in size and volume during the course of the 

compression stroke. Once formed, they propagate and are self-sustaining. So once accelerated by 

piston motion, they continue to travel forward and increase in size even after the piston stops at the 

end of compression. In the case of the dual opposed piston RCM, this means that at the end of the 

compression stroke, when the respective pistons come to a standstill, the vortices continue to travel 

in their respective directions until they collide with their counterpart. 

 

 

 

Figure 1-7. Initiation of a roll up vortex. 
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In Figure 1-7 an artistic interpretation of vortex initiation is shown in three stages of the 

compression stroke. The cooler gases are represented in yellow while the hotter core gases are 

depicted in red. At the end of stroke, the vortices separate and become self-contained until they 

collide with their opposing counterpart.  

Allen and Chong further described the vortex formation as a mechanism by which boundary layer 

gases can be entrained into the central volume of the vortex. This leads to localised pockets of cooler 

gases trapped at the centre of vortex rotation. When opposing vortices collide they disrupt each 

other and the cooler boundary layer gases are released into the core gases leading to the 

temperature distribution heterogeneity. 

 Creviced pistons 

Park and Keck (1990) [43] first proposed the use of creviced pistons to suppress the formation of 

corner vortices. Their work was further developed on the same RCM by Lee and Hochgreb (1998) 

[6]. In this latter study crevice geometry parameters such as entrance clearance, entrance channel 

width and crevice volume, were considered numerically. 

 

Figure 1-8. Creviced vs. non-creviced pistons [3]. 

The above Figure 1-8 shows a half-section diagram of an RCM; the lower half depicts a flat piston 

and the roll up vortex that its motion produces while the upper half depicts the ideal aerodynamic 

response for a creviced piston. The crevices are essentially designed to work through pressure 

gradients. The cylinder, chamber and piston body are all preheated to the temperature dictated by 

the condition under investigation. As the experiment is initiated and the pistons accelerate toward 

each other, the pressure in the compressing volume begins to rise. The pressure in the crevice 

volume is at the resting pressure initially. As the pressure in the compressed volume begins to 

increase, the increasing pressure difference between this volume and the crevice volume attempts 

to equalize, however the restriction caused by the throat gap reduces the flow of gas into the 

volume, so this volume always remains at a lower pressure than the compressed volume until the 
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end of stroke. If the geometry of the throat gap and creviced volume are balanced correctly there is 

always a net flow of gas into the crevice during compression. This is further enhanced by the fact 

that heat loss to the piston body also reduces pressure in the crevice and it follows that the turbulent 

flow of gases through the throat gap is also conducive to heat loss of those gases as they pass 

through the throat. As the lead in is sized to act like a funnel with its leading edge below the expected 

boundary layer, and the crevice volume is sized so that its volume matches or exceeds the expected 

boundary layer volume, the flow into the crevice is essentially made up of boundary gases only. 

1.2 CFD studies 

The ability of the crevices to suppress corner vortex formation is supported by improvements in fit 

between simulated and experimental IDT results from RCMs. A number of computational studies 

have also supported their efficacy under certain regimes. While numerous analyses have been 

carried out in other facilities [44-47], the following summarises the findings of some that are most 

relevant to this investigation of dual opposed piston RCM behaviour. 

 RANS CFD analysis 

In an investigation by Würmel and Simmie in 2005 [8], a 2-D transient computational 5o pie slice 

mesh was used to study the development and evolution of flow field and temperature field 

distribution in the test gas. Different test gases were analysed. The results from simulations using 

nitrogen gas as the compressed medium, under conditions relevant to the current investigation, are 

presented from their findings below (Figure 1-9). The simulations supported the concept of corner 

vortex formation using flat, non-creviced pistons. 

The velocity results in the left column of the image series can be characterised at the end of 

compression, with the initiation of twin lobed, high velocity jet of gas. This energetic jet is oriented 

along the central axis from either direction and in the direction of respective piston motion. At the 

central plane of symmetry velocity vector direction trended radially outward toward the cylinder 

bore walls. Over the time history the development of vorticity cells becomes increasingly apparent 

in each of the four quadrants of the image and the velocity field overall shows a significant drop in 

magnitude. 

The study went on to use optimisation techniques to inform the design of the creviced pistons 

currently in use on the RCM for IDT experiments. The results of this numerical study will be directly 

compared with the PIV results from the current investigation. 
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.  

Figure 1-9. RANS CFD simulation of gas velocity and temperature field evolution. The results using 
non-creviced pistons are from Würmel and Simmie [8]. 

It is worth noting that τ0 was defined as the initiation of compression rather than the EOC as used 

in this investigation. As such the compression time of 15.6 ms needs to be deducted from the time 

values in order to use the end of compression event as τ0. Also noteworthy was the observation that 

piston synchronisation was considered negligible within 10% asymmetric piston release. These 

topics and their relevance to the current investigation will be discussed in more detail later. Piston 

crevice parameters such as volume, location, orientation and geometry were optimised for use in 

the twin opposed system arrangement, with the final geometry represented in Figure 1-10(e). This 

arrangement had the best overall result in terms of temperature distribution, and also minimised 

the crevice to volume ratio. Where this ratio exceeded 12.5% no significant improvement was 

observed, but the overall compressed pressure and temperature was reduced. Where the overall 

ratio is too large, the effect of heat loss of the core gases is also exacerbated. 
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Figure 1-10. Simulation of temperature distribution based on crevice geometry.(a) non-creviced 

and (b)–(g) creviced pistons [8]. 

 LES CFD 

In a study by Yousefian et al. in 2018 [13], large eddy simulation (LES) techniques were adopted as 

an efficient approach to computational characterisation of the compression cycle in the dual 

opposed piston RCM. In order to reduce computational cost, a symmetry plane boundary was 

assumed and only a one-sided analysis was performed. Similar conditions were used in this study, 

with the same creviced piston geometries as adopted in this investigation presented in Figure 1-11. 

In the diagram an elevation section of the compressed gases through the centre line is presented on 
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the left of each time period (Plane A) this perspective also shows the outline of the piston geometry 

including the crevice volume. An axial view towards the piston face is shown and labelled Plane B. 

This latter is a cross section of the cylinder bore area at a location 9.2 mm from the piston face. 

 

Figure 1-11. Simulated temperature distribution from Yousefian et al. [13]. 

In the above image the temperature distribution is clearly affected by the vortex development 

with pockets of cool gas entrained into the core gases by the toroidal aerodynamics. 
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Figure 1-12. Simulated velocity fields from Yousefian et al. [13]. 

The velocity field was also displayed as a function of time in Figure 1-12, and described the 

initiation and propagation of the corner vortex. Plane B is again located 9.2 mm from the piston face. 

Comparative results between non-creviced and creviced were not presented but the study provides 

a basis to evaluate the creviced pistons utilised in this study. 
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1.3 Optical investigations into crevice efficacy 

The suppression of roll up vortices is of great interest in the combustion chemistry community, for 

reasons outlined above. As such it has been the subject of on-going investigation, with a variety of 

different techniques. Optical methods such as particle image velocimetry (PIV), planar laser-induced 

fluorescence (PLIF), Schlieren photography and laser Rayleigh scattering (LRS) have been used to 

directly observe compressed gas behaviour. 

Ben-Houidi (2016) [48] studied thermal stratification and aerodynamics using high speed PIV and 

toluene PLIF in a square section, flat piston RCM. Creviced pistons were not used in this study, since 

they were primarily interested in the effects of elevated pressure on vortex formation. The 

experimental setup in this study uses a hydraulically translated cam system to drive a square cross 

section piston. While allowing undistorted optical access, the square profile does not allow for direct 

comparison with cylindrical bore devices. Oil droplets of 3 – 9 µm were used in this study. The same 

RCM was used by Strozzi et al. (2017) [49] to study compression dynamics. Here ZrO2 solid particles 

were used as tracers, and Mie scattering and chemiluminescence images were used to detect the 

reaction front by means of seeding density, and velocity fields to characterize internal aerodynamics. 

Guibert. et al. (2009) [50] Used a hydraulically actuated single piston RCM to study the effect of 

turbulence on flame propagation. Here non-reactive studies utilised potato starch particles to 

interrogate the aerodynamics in the RCM. This experimental apparatus was designed to generate 

turbulent flow in a cylindrical bore arrangement, and was later used by Tran et al. 2015 [51] who 

introduced anisole PLIF to observe the formation and evolution of temperature heterogeneities in 

the combustion chamber. Mittal et al. (2006) [7] used PLIF to compare the effect of the piston 

crevice on aerodynamics, and found that the creviced piston design significantly reduced vortex 

formation and lead to increased temperature homogeneity. Desgroux et al. (1995) [26] used Laser 

Rayleigh Scattering (LRS ) techniques at 532 nm to measure instantaneous local temperature, while 

Büttgen et al. (2018) [52] used OH* luminescence to study aerodynamics and its effects on flame 

fronts in a single sided cylindrical bore RCM. 

The current investigation builds on the experience of previous examples and applies one of these 

imaging techniques to study aerodynamics in a dual opposed piston RCM. Using Particle Image 

Velocimetry (PIV) the in-chamber aerodynamics were investigated to compare the behaviour of the 

compressing gases in the NUI Galway dual opposed piston RCM using creviced and non-creviced 

piston geometries. There follows a generalised description of the PIV technique. 
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1.4 Particle Image Velocimetry (PIV) 

 PIV overview 

Particle image velocimetry (PIV) is an optical technique used to indirectly visualise the flow field of a 

fluid by observing the behaviour of particles suspended in that fluid. If one observes the bubbles 

floating on the surface of a flowing stream, or the dust particles in the projector light at a cinema, 

one is utilising the principles underlying PIV. This chapter is largely informed by the authoritative text 

on the subject by Raffel et al. (1998) [53]. and expanded on in the thesis by Thielicke (2014) [54], 

who developed the PIV software PIVlab used in this study, but as a mature discipline numerous texts 

are available on the subject. In illustrative review of the development of PIV techniques is presented 

by the work of Adrian (2005)[55]. 

PIV in its simplest form can be illustrated by observing the motion of dried baker’s yeast particles 

floating in a full mug of coffee. The black coffee in a black mug provides a high contrast background 

for the pale beige, dried yeast particles and ambient light is sufficient to illuminate the particles. The 

coffee/air interface acts as a 2-D window into the flow of the underlying volume. The particles float 

and act as tracers, and by observing the motion of these floating particles, information about the 

underlying flow field can be inferred. In the following image pair (Figure 1-13), individual particles 

can be visually detected but when comparing the images in isolation, no appreciable information 

about the flow field is discernible. The image on the left (a) is essentially identical to the image on 

the right (b) although they were captured sequentially, a short time period apart. 

 a       b  

Figure 1-13. Coffee cup images. 

PIV compares the images at a pixel level and uses a cross correlation technique to work out the 

average movement of pixels within an interrogation area. In Figure 1-14 the images from the pair 

are artificially colour filtered and superimposed so that the positional change of the yeast particles 

can be more easily presented. 
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Figure 1-14. Particles superimposed. 

This is not a necessary step for the PIV technique but seeks to illustrate the methodology. 

Individual particles in green can be discerned form their image pair counterparts in red From this, 

and knowing the order in which the images were captured allows the observer to infer a direction 

and magnitude of particle motion, once a linear and time scale have been applied. 

When importing the above images into PIV software such as PIVlab, the stationary background 

can be excluded from the interrogation region, as that remains motionless between images. After a 

region of interest is selected, the size of the interrogation windows is decided. Since, in this example, 

there is no image distortion to contend with and physical dimensions of the cup can be measured, a 

directly measured calibration distance can be included in the analysis. The frame rate of the camera 

phone used in this demonstration is also known to be 30 frames per second, and therefore a time 

scale can be added. The software essentially performs the same process the observer does by eye 

in the above example but measures the number of pixels a feature such as a particle moves between 

frames and then outputs the velocity field for that image pair. In order to reduce computational cost, 

and also to scale the velocity field to a relevant spatial resolution, the base image pairs are divided 

up into interrogation areas, and an average speed of all the particles in that area are computed. The 

size of these interrogation windows is a function of the particles’ size, distribution and velocity. These 

must be large enough to encapsulate a number of particles but small enough to capture fine detail 

in the velocity field. A cross correlation method is deployed, whereby the distribution of pixel 

intensity peaks in one image is compared and correlated in the search area of the second. The 

pattern created by the intensity peaks generated by each particle in the first interrogation area is 

matched with the most similar pattern in the second. When a match is found, the distance travelled 
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in terms of magnitude and direction is determined, and compared with the calibration distance in 

pixels/mm. A vector for each interrogation window is assigned with an assigned direction and 

magnitude, and an overall vector field for the image pair is plotted as presented in Figure 1-15(a) on 

the left. 

  a           b     

Figure 1-15. Region of interest and PIV using PIVlab. 

A flow field can then be calculated with a colour bar for velocity magnitude is shown in Figure 1-

15(b) on the right. Once a matrix in terms of velocity magnitude and direction has been calculated 

for the full velocity field, the numerical results can also be interrogated for other parameters such 

as vorticity, velocity magnitude and also transects of parameters can be analysed. It can be deduced 

from the above analysis, that the coffee has been stirred, a vortex has formed rotating around the 

central axis of the cup in a clockwise direction. The velocity magnitude distribution of the rotating 

particles is presented as a colour bar and displays a gradient increasing from the central axis, but 

then decreasing again towards the cup boundary layer. The boundary layer can be presumed to be 

influencing the flow by frictional interaction. 

In the case above a 2-D plane is automatically generated by the air/coffee interface. Ambient 

light is sufficient to illuminate the plane of interest. However, where the plane of interest is some 

depth into the experimental volume, the plane can be defined using selective illumination 

techniques. The most common method is to optically distort the light emitted from a light source 

using first a collimating lens to create a small point of light and then using a cylindrical lens to create 

a thin sheet of light which is projected through the volume of interest. Only those particles that enter 

this thin sheet of light are illuminated and thereby visible to the observer. This is illustrated in Figure 

1-16 below which is a schematic for an arrangement relevant to the current investigation. Since the 

illumination zone is thin, it effectively represents a 2-D image slice of the volumetric particle motion. 

All other particles in front of or behind remain invisible unless they enter the illuminated plane. The 
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position of all of the visible particles in the 2-D field of view is then captured with the camera either 

as a series of single shot frames, or as individual frames of a video. Each of these frames represents 

a snapshot, frozen in time of the relative position of each particle. These positions are then 

numerically compared to the next sequential image as in the above example, and where the 

temporal to spatial displacement ratio between sequential images is small enough and relative 

distance between each individual particle in the overall flow field is big enough, the position of each 

particle, or the correlation peak of a group of particles within an interrogation window, can be 

compared between frames. Since, the time between frames (the camera frame rate), and the scale 

of the image is known, the direction and length of the arrows define the vector velocity in every 

interrogation window in the flow field in terms of magnitude and direction. 

 

Figure 1-16. General schematic of a typical PIV system. 

Where the flow field is small in magnitude PIV can be carried out with constant illumination and 

with standard digital video techniques as above. However, where expected particle velocities are in 

the order of meters per second, and where the overall event of interest occurs of the millisecond 

range, high speed camera techniques must be employed to capture relevant velocity time history. 

Standard image capture techniques and constant illumination are therefore ruled out. With high 

speed techniques, careful consideration is required to match the frame rate with the illumination. 

Where the particle moves more than a few pixels during the duration of the camera exposure, 

streaks are observed on the image frame rather than individually discernible particles. If the 

exposure time of the camera is too long, these individual particles will appear as lines or streaks, 

much as when using long exposure times when capturing star streak images, Figure 1-17. 
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Figure 1-17. Starlight streak photography from https://www.eso.org. 

While this method can be deployed to gain a qualitative insight into the motion of the molecules 

in the transport medium, PIV requires the analysis of individual, discrete particle positions. 

Stroboscopic techniques are commonly used to “freeze” a particle’s position in time. This technique 

is often used where the image information is too quick for the human eye to register. If one takes 

for example the timing adjustment in a four stroke engine. The spark plug is designed to fire at a 

clearly defined time during the spark ignition combustion cycle and its timing can be adjusted for 

optimal combustion. A mark is placed on the crankshaft pulley which is mechanically connected to 

the crankshaft. However, it passes the required reference mark at a rate of 1000s of revolutions per 

second, which of course is too fast for the human eye to register. Using a stroboscope that is 

electrically fired for a very short duration at the same time as the spark plug fires, allows the 

technician to see the mark frozen in time, and make adjustment to advance or retard the spark plug 

firing time. A similar method can also be employed in PIV. The duration of the illumination pulse can 

be referred to as the pulse duration, and is often provided by xenon tubes or laser light sources. This 

pulse duration can be in the millisecond down to the nanosecond range depending on the expected 

velocity of the particles. Even though the camera shutter is open for a longer period of time dictated 

by the camera shutter speed and frame rate, the frame will remain unexposed until the short burst 

illumination occurs as long as ambient light is excluded, either by shrouding or selective band pass 

filtering. This pulse duration is scaled so that its duration is much shorter than the time it would take 

a particle to move a discernible amount, and therefore the particle appears on the image as a single 

dot rather than a streak. However as outlined above, the change in position of an individual particle 

between frames must also be small relative to the distance between its neighbouring particles in a 

single frame. In that way the individual particles can be identified and matched between frames. 

Where expected velocities are large the distance a particle travels between frames may exceed the 
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distance to its neighbour in the first frame, and therefore cannot be found in the next frame. This 

can be addressed by synchronising the illumination pulse to a suitable point in time during the open 

shutter duration. 

 

Figure 1-18. Straddle illumination. 

During the first frame the image can remain un-illuminated for most of its duration until a short 

pulse towards the end of the exposure time illuminates the particles. The shutter then closes and 

opens again for the second frame. Almost immediately thereafter a second illuminating pulse 

illuminates the particles. This is referred to as frame straddling or straddle illumination. In Figure 1-

18 the yellow line represents the digital camera exposure signal. The low signal represents the inter-

frame time where the camera sensor or charged coupled device (CCD) is closed and not exposed to 

incoming light. The green line represents the signal to trigger the light source (in this case laser 

diodes). This straddling technique can be used to capture very high velocity particle motion even 

with low frame rate cameras and is limited only by the performance of the camera in terms of inter-

frame time. High speed cinematography is required when high temporal resolution is required for a 

short duration event with a time series as the desired output. The ideal illumination pulse duration 

and the inter-pulse duration are often ascertained iteratively and can be modified to suit the 

observed velocities. This requires the adjustable synchronisation of the camera and illumination 

system. 

In slow moving liquids and where the particle to liquid density ratio approach unity, the choice of 

appropriate seeding or tracer particles is less challenging. Numerous materials will meet the neutral 

buoyancy, and shape requirements, be able to follow the underlying liquid motion faithfully and be 

able to efficiently scatter the available light back to the observing camera sensor. However, where 

high velocities gas aerodynamics are under investigation, the choice of available particles becomes 

restrictive. There follows a discussion on the characteristics of particles that dictate their suitability. 
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 PIV seeding particles flow tracking ability 

PIV is a non-intrusive but indirect measurement method. It uses the motion of the tracer particles 

to infer the motion of the transport fluid. It is therefore imperative that the particles accurately 

follow the fluid motion. PIV relies on the use of seeding particles, which are chosen with a specific 

density and size depending on the experimental constraints, and the physical characteristics of the 

transport medium. Table 1-2 outlines the key properties of some particle materials used in PIV 

investigations. 

Table 1-2. Possible tracer particles: Average size and density. 

Particle type Size (μm) Density (kg.m–2) Source 

    

corn oil droplets 1 910 Noureddini (1992) [56] 

aerated corn starch 6 510 Stasiak (2013) [57] 

aerated potato starch 13 760 Stasiak (2013) [57] 

market corn starch 15 1500 Molenda (2006)[58] 

3MTM iM30K glass microspheres 15 600  

market potato starch 20 1520 Guibert  (2009) [50] 

In order to ascertain whether a particle will adhere to a fluid flow one must ascertain the 

dimensionless Reynolds number of a specific particle in a specific fluid. This is not to be confused 

with the Reynolds number that describes the flow of that fluid in a container and determines 

whether steady state flow is laminar or turbulent. Both the particle Reynolds number and the fluid 

Reynolds number are related in that they both are defined by the ratio of inertial forces to frictional 

forces acting on the system and are given by the following equation.  

 
𝑅𝑒 =  

𝜌𝑓𝑉𝑑

𝜇
=

𝑉𝑑

𝝂
 (Eq. 8) 

In the above equation the inertial forces in the numerator are defined by (ρf) the density of the 

supporting fluid, (V) the relative velocity of the particle and the fluid and (d) the characteristic linear 

dimension such as the diameter of the pipe in terms of the fluid Reynolds number, or the diameter 

of the particle in terms of the particle Reynolds number. The denominator relates to the viscous 

forces resisting or inducing relative motion between the particle and the fluid, and can be described 

in terms of dynamic viscosity (μ) or kinematic viscosity (ν) which is directly proportional to kinematic 

viscosity and inversely to fluid density. The particle Reynolds number is equivalent whether the fluid 

is moving past a stationary particle, or the particle is moving in a quiescent fluid as outlined in Hinds 

(1999) [59]. 
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The kinematic viscosity of a fluid is dependent on its temperature. Based on non-reactive 

investigations in the RCM it was possible to ascertain the expected conditions during each 

experiment in order to inform the choice of suitable tracer particle, Table 1-3. 

Table 1-3. RCM pre- and post-compression conditions. 

 

Temperature 
[K] 

Pressure 
[bar] 

Kinematic Viscosity  
[m2 

 s–1] 

Start conditions 303 0.45 1.60 × 10–5 

End Conditions 754 13.5 7.73 × 10–5 

Equation 8 was then used to evaluate the particle Reynolds number at both conditions for the range 

of particles. The results of previous CFD analyses [8] and [13] suggest a range of relative velocities 

from 2 m s–1 to a maximum of 10 m s–1. In this way, the particle Reynolds number was identified for 

these different velocity regimes in Table 1-4. 

 

Table 1-4. Particle Reynolds numbers for different particles at different conditions. 

  Start condition (m s–1)   End condition (m s–1) 

 10  5  2   10  5  2  

Corn oil droplets 0.60 0.30 0.10  0.13 0.06 0.03 

Aerated corn starch 3.70 1.90 0.70  0.80 0.40 0.20 

Aerated potato starch 8.00 4.00 1.60  1.70 0.80 0.30 

Market corn starch 9.30 4.60 1.90  1.90 1.00 0.40 

3MTM iM30K glass spheres 9.30 4.60 1.90  1.90 1.00 0.40 

Potato starch 12.40 6.20 2.50   2.60 1.30 0.50 

As can be seen particle density plays no role in the determination of the particle Reynolds number, 

but has significance in terms of the density ratio (ρp/ρf), which impacts on the buoyancy force and 

subsequently the duration at which particles will remain visible prior to initiation of the experiment. 

The particle Reynolds number has a significant impact on the drag coefficient (Cd) which 

influences the behaviour of the particle in a flow. Where the particle Reynolds number is very much 

greater than one (Re ≥ 1000), inertial forces dominate and viscous forces can be neglected. Newton 

described this regime when studying the ballistics of cannonballs in air. Here density ratios were very 

much greater than 1, and relative velocities were large. He found that the drag coefficient (CD) was 

relatively constant in this regime. Where particle Reynolds number is less than one, this defines a 

regime where viscous forces dominate and inertial forces can be neglected. This is characteristic of 

very slow flow regimes, of density ratios between particle and fluid that approach unity and of very 

small particle sizes. An expression for the drag coefficient for this regime was derived by Stokes in 
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1851. Figure 1-19 shows the relationship between the drag coefficient and the Reynolds number in 

the region where Stokes’ Law applies and the other extreme where Newton’s Law applies. 

 

Figure 1-19. Dependence of drag coefficient on particle Reynolds number. 

The region in between (1 < Re < 1000) is referred to as the transition region. Here the relationship 

between drag and Reynolds number is less easily defined. The following equation (Equation 9) is 

used with errors within 2% over the range from 3 < Re < 400: 

 
𝐶𝐷 =

24

𝑅𝑒
(1 +  

𝑅𝑒
2

3⁄

6
) (Eq. 9) 

As can be seen from Table 1-4 most of the considered particles are on the Stokes’ side of the chart 

with most particle Reynolds numbers falling near or around Rep=1 especially in the end of stroke 

condition where it is most crucial that particle fidelity is accurate. 

In slow moving, viscous fluids it is relatively simple to find an appropriate seeding particle. Most 

descriptions of the behaviour of seeding particles use the Stokes regime with low Reynolds number 

as a starting point to assess seeding particle tracking fidelity as described by Grant (1997) [60]. In 

these conditions it is more likely that density ratios can approach unity, and therefore particles will 

stay suspended in the fluid for long periods of time. 

In this regime and where particle density exceeds fluid density, particles undergoing 

accelerations or decelerations will lag following an exponential function as outlined in Raffel et al. 

(1998) [53]  This is shown in the following Equation 10: 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

INTRODUCTION 

29 | P a g e  
 
 

 

 
𝑈𝑝(𝑡) = 𝑈 [1 − exp (−

1

𝜏𝑠
)] (Eq. 10) 

Here τS is referred to as the relaxation time and is given by (Equation 11): 

 
𝜏𝑠 = 𝑑𝑝

2
𝜌𝑝

18 𝜇
 (Eq. 11) 

This relaxation time is a useful estimate of the time it takes for a particle moving relative to a viscous 

fluid to stop or adjust its velocity to match that of the surrounding flow. 

This is only valid of course where Stokes drag applies, and therefore in the region where Re<<1. 

If Re =1 the drag predicted by Stokes’ law is too conservative (under predicting by as much as 13%) 

as per Seinfeld (2006) [61]. Even where a gas is acting as the transport medium, most of the 

assumptions made in order to adopt Stokes’ approach hold up such as the incompressibility of the 

fluid (as affected by the presence of the particle), the spherical geometry of the particle and its rigid 

structure. However, in the transition region, the assumption that inertial terms are negligible, fails 

with increasing Reynolds number. Despite this, τS is still viewed as a convenient measure of whether 

a particle will attain velocity equilibrium with the fluid. 

There are numerous sources that describe the motion of particles other than those already cited. 

Disciplines as varied as climate studies [62]and pharmacological aerosol generation [63] discuss the 

topic in detail. One method to ascertain the fidelity of the tracer particle is the Stokes number (Sk). 

This is often described in terms of the relaxation time τS: 

 
𝑆𝑘 =

𝜏𝑠𝑈0

𝐷
 (Eq. 12) 

Uo is a typical velocity describing the fluid flow and D is some typical length dimension such as the 

particle diameter. Since τS has already been described we can substitute into the preceding 

equation.  

 
𝑆𝑘 =  

𝑈𝑜 𝜌𝑝

18𝜇𝐷
 (Eq. 13) 

Where the Stokes number is << 1 the particle will adhere to the flow, where the Stokes number is 

>>1 there will be an exponential lag as previously described. The distance a particle travels prior to 

stopping can be related to the Stokes number by: 

 𝑥𝑠𝑡𝑜𝑝 =  𝑆𝑘𝐷 (Eq. 14) 
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While minimising the delay in the onset of particle travel at the start of the compression stroke is 

desirable, a significant stopping time at the end of travel is to be avoided in order to discern piston 

face aerodynamics. Fortunately, the conditions toward the end of stroke are more favourable to 

reduced stopping distances due to the higher compressed temperature and its effect on the 

kinematic viscosity. The stopping distance (S) in its simplest form is given by Equation 8: 

 𝑆 = 𝑉𝑜𝜏𝑠 (Eq. 15) 

Substituting τS with Equation 6 this becomes: 

 
𝑆 =  

𝑉𝑜𝑑𝑝
2𝜌𝑝

18 𝜇
 (Eq. 16) 

Table 1-5. Stopping distances of various 10 µm particles at EOC conditions. 

Particle type  
Stopping distance (mm) 

10 m s–1 5 m s–1 2 m s–1 

Corn oil droplets 0.015 0.007 0.003 

Aerated corn starch 0.300 0.150 0.060 

Aerated potato starch 2.070 1.030 0.410 

Market corn starch 5.430 2.720 1.090 

3MTM iM30K glass spheres 2.170 1.090 0.430 

Potato starch 9.790 4.900 1.960 

Particle stopping response for various 10 µm diameter particles often used in PIV and in velocity 

regimes relevant to the current investigation are presented in Table 1-5 above. However, this 

assumes that the entire motion of the particles takes place in the Stokes region. More detailed 

numerical methods to ascertain particle suitability and described specifically in the context of PIV 

are outlined in Melling (1997) [64]. Guibert et al.(2009) [50] in a turbulence study under similar 

compression conditions utilised the method outlined by Hjemfeld and Mockros (1966) [65] to 

ascertain that 35 microns was the limiting diameter for potato starch particles at turbulent 

frequencies of 1kHz. An in depth discussion of tracer particle fidelity is also outlined in the work of 

[66] . The challenges faced when investigating particle behaviour is also outlined in Birch and Martin 

(2013) [67]. Chen and Liu (2018) provide a summary of the application of PIV techniques to engine 

relevant conditions [68]. 

 Mie scattering  

The light scattering properties of the tracer particles must also be carefully considered. Since the 

camera is oriented normal to the laser sheet, only those particles in the laser sheet are visible and 

therefore only a small percentage of the available light is scattered toward the camera sensor. A 

compromise must be reached between small particle sizes, in order to match the underlying flow as 
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outlined above, but large enough to efficiently scatter sufficient incident light to be visible to the 

camera. High signal to noise ratios are achieved with efficient light sensors, and also by careful 

matching of the particle size, shape and refractive index and the intensity and wavelength of the 

light source. This topic is also outlined in Melling’s work as previously mentioned [64]. 

PIV investigations in gas often use particles that are similar to or larger in size than the wavelength 

of the incident light. The scattering properties of these spherical particles are defined by Mie 

scattering rather than Rayleigh scattering, the latter describing the scattering properties of much 

smaller particles. Rayleigh scattering for example explains the blue colour of the sky, while Mie 

scattering is responsible for the white colour of the clouds. 

The scattering cross section and therefore scattering efficiency is several orders of magnitude 

greater using Mie Scattering as outlined in Fischer (2017) [69]. Where scattering efficiency is large 

particles can appear significantly bigger to the camera than they actually are. While particle size, has 

the biggest effect, the scattering cross section is also a function of the incidence angle from which 

the particle is viewed relative to the light source. The effect of the incidence angle on scattering 

efficiency can be plotted as a function of particle size, incident light angle, the refractive indices of 

the particle and the transport medium. The following logarithmic polar plot (Figure 1-20) was 

generated using freeware software called MiePlot (www.philiplaven.com). The radiating concentric 

circles denote order of magnitude increases in scattering cross section. Only the response using 

perpendicular polarised light is shown for clarity. The inner green trace describes the response for a 

1 μm diameter spherical particle, while the black outer trace shows the same for a 10 μm diameter 

spherical particle. The most significant scattering intensity is predicted along the axis of illumination 

however PIV usually employs the practical viewing angle of 90°. It can be seen from the diagram that 

at least an order of magnitude increase in scattering efficiency is predicted between 1 μm and 10 

μm diameter particles at a 90° incidence viewing angle. 

 

Figure 1-20. Dependence of scattering cross section on incidence angle and particle size. 

http://www.philiplaven.com/
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There are many specialised companies offering off the shelf solutions in this field, but they are often 

very costly (€50 – €120 K price range) and were deemed out of reach for the current investigation, 

therefore a consumer based high speed camera and a self-built pulsed laser diode system were 

deemed more appropriate. A few intrepid investigators from other fields have developed low cost 

PIV systems and the current arrangement is based loosely on their methods [70, 71]. 

The development of an in-house PIV system was carried out in house in order to validate the 

approach of adapting PIV techniques to investigate the efficacy of creviced pistons in roll-up vortex 

suppression. This required the development of all the systems and sub-systems, each of which were 

inextricably linked to overall system feasibility. Table 1-6 outlines the individual subsystems and 

development sequence required to produce the results presented. Some of these were investigated 

consecutively and others concurrently evolved, and often with cost varying iterations. These will be 

described in detail in the next chapter. 

Table 1-6. Optical system development process. 

Item Description 

1 Optical chamber development 

2 Seeding particle selection 

3 Seeding particle delivery 

4 Camera selection process 

5 Laser sheet optics 

6 Laser pulse generation 

7 Laser/Camera synchronisation 

8 Data acquisition 

1.5 Chapter summary 

The sensitivity of chemical kinetics to accurate compressed temperature estimations is central to 

RCM operations as outlined above. The challenges posed by direct temperature measurement are 

outlined, and the adoption by the community of the adiabatic core principle is explained. The 

potential adverse effects of piston motion induced aerodynamics on the central assumptions of the 

principle are outlined and the community introduction of creviced pistons to suppress corner 

vortices is presented. CFD studies supporting the efficacy of the piston crevices are presented and a 

number of experimental methods to verify the performance of the creviced pistons and the CFD 

models are shown. The aim of this investigation is to present an alternative supporting methodology 

that can be used to directly visualise the presence or absence of vortices in a dual opposed RCM, in 

appropriate diluent, at relevant conditions, using un-creviced pistons and compare these results 
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qualitatively and quantitatively to those of creviced pistons with the extant piston geometry. This 

chapter also outlines the PIV methodology development strategy, the challenges presented by high 

spatial and temporal resolution requirement and the following chapter outlines the polymathic 

approach required to achieve this goal.  
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Chapter 2. Experimental methods 

2.1 Section overview 

In this section the methodologies employed to observe the aerodynamic behaviour of the 

compressing gases will be described. A number of other studies, previously mentioned, have shown 

the behaviour of the compressing gases in other RCM facilities, but these have been carried out 

either with end wall views using flat glass windows, or with square cross section bores which are 

optimised for side viewing purposes. The challenges of image distortion are therefore less 

pronounced. The goal of this study was to view aerodynamics in the real-world conditions of the NUI 

Galway RCM. Optical investigations in this dual opposed arrangement proved challenging, due to 

the fixed nature of the mirrored sides, which precluded any end wall investigations. The compressed 

volume needed to be observed from a radial rather than an axial perspective. It thereby follows that 

optical access would lead to image distortion due to the curved nature of any viewport that 

conformed to the bore geometry. Having to work within the restrictive, fixed dimensional 

constraints of the RCM, required significant effort in terms of an optical access development 

strategy, and methods of addressing this optical distortion and the required illumination. However, 

since the primary aim of this investigation was a cross sectional representation of vortex formation 

during and post compression this side view was desirable, despite the challenges it presented. 

Prior to embarking on the optical investigation, a number of preliminary issues with the RCM 

itself needed to be resolved, in order to get the RCM back to its former operational condition and 

streamline some of the procedures. These are outlined in more detail in the Appendices, but 

comprised a repair of the plungers due to longitudinal scratches leading to combustion chamber 

contamination, a redesign of the neck seal arrangement for easier rod seal replacement, the addition 

of an electrical/hydraulic power pack to replace the air-charge/diaphragm system, the refinement 

of the heating system, piston optimisation, piston timing synchronisation and a general refit with full 

strip down, seal and wear parts replacement. Once the RCM was fully operational, the development 

of the optical hardware could commence. A low cost, iterative approach was adopted in this 

development, since it was not clear at the outset, and from review of the literature whether this 

investigation would be feasible due to the temporal and spatial challenges posed. Each sub-system 

needed to be independently verified in principle, in order to assess overall system performance and 

obtain useable results. High resource allocation to any one of the independent subsystems was 

deemed inadvisable without verifying the viability of the system as a whole. The following will 

describe the RCM itself, the geometry of the pistons used in this investigation, and the development 

of the additional sub systems upon which the final success of the project relied. The following does 
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not necessarily outline a chronological workflow, since some items were developed sequentially 

relying on the outcome of their predecessor, while others were able to be investigated concurrently, 

the timing of investigations dictated largely by RCM availability rather than the development 

schedule to manufacture the components. 

2.2 Dual opposed piston RCM 

The RCM used in this investigation is one of the original Shell Thornton machines first used by Affleck 

and Fish in 1967 [72] and described in detail by Affleck and Thomas in 1968 [42]. Its dual opposed 

nature was developed in order to maintain constant, high pressure conditions at the End of 

Compression (EOC) in order to study pre-flame reactions. Due to decreased induction times at higher 

pressure, but in order to maintain the desired constant volume condition they decided to use an 

RCM rather than a shock tube in order to increase the experimental duration. Maximum piston 

velocity was limited to 10 m s–1 to avoid the possibility of aerodynamic heating. To maintain short 

duration compression times, within this velocity limitation, dual opposed pistons were adopted. This 

approach however, introduced the complication of exacting machining tolerances in terms of 

alignment, the requirement for piston synchronisation and the need for a rapid, but controlled, 

deceleration of both pistons at the end of stroke. The independent piston plungers were 

mechanically balanced in order to reduce the possibility of vibration and unmatched stopping forces, 

but an added advantage was the proposed plane of aerodynamic symmetry at the central plane of 

the chamber. Figure 2-1 presents a half section view of the overall RCM assembly, which will be 

described in more detail in the following sections. 
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Figure 2-1. RCM assembly half section. 

The device is made up of two rigid sub-frame weldments bolted and dowelled to a base frame 

weldment. The base frame and sub-frame weldments are accurately machined post welding and 

have an axial alignment of ± 0.05 over the full length of the assembly. This acts as the basis of the 

axial alignment of all components and subsystems subsequently installed. Each side is comprised of 

a mirrored pneumatic drive system and a hydraulic locking and stopping subsystem. The 1.5” (38.1 

mm) diameter pistons are attached to the ends of the plunger assemblies and are accelerated 

towards each other with a stroke length of 336 mm inclusive (ca.168 mm per side), which is achieved 

in a stroke duration of 17 ms. It is worth noting that the original design incorporated compression 

spacers, the removal of which allowed for adjustment in the compression ratio by reducing the 

starting point of the stroke and therefore its length. This legacy feature is rarely if ever in use. The 

end of stroke position is fixed and dictated by the location of the stopping groove arrangement. The 

face to face distance of the pistons at EOC is defined by the piston geometry within a range, and 

measures 28.6 mm using the MkIV-3 R piston geometry employed in this study. The plunger 

assembly, Figure 2-2, is the primary moving part of each side. It represents a free piston constrained 

in translation by its starting point, when the taper piston seats against the taper seal ring, and its 
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end point when the stopping ring seats against the stopping groove. A number of modifications were 

carried out prior to and during the course of this investigation. 

 

Figure 2-2. Plunger assembly. 

Due to the best engineering practice methods and detailed design of the original Affleck version, 

these were adopted sparingly and only after careful consideration. In the original design, the locking 

seal was housed in the female mating section of the taper seal ring. This was changed to a dovetail 

O-ring groove in the male taper seal piston. This was subsequently changed to a molded/bonded 

Viton seal to avoid ejection of the O-ring during rapid de-pressurisation. The other design change 

included the modification of the forward rod seal housing (neck seal) to allow replacement without 

full disassembly of the machine. The hydraulic pressure system was changed from a closed 

air/bladder pressurisation system to an open loop electro/hydraulic power pack system. The optical 

displacement sensor used in the original design had a resolution of about 10mm and was replaced 

with more up to date Positek LIPS® X100 displacement transducers with a resolution of 0.05 mm. 

These modifications and others are described in more detail in Appendix IV. 

Due to the RCM’s central role in this investigation, and the impact of some of its attributes on 

the results of this investigation, it is appropriate at this point to describe the operational procedures 

of the RCM in greater detail. There follows a brief outline of some of these operational and 

mechanical characteristics. For the sake of future investigators, a detailed dis-assembly procedure 

is also outlined in Appendix I. 
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 Experimental setup and actuation sequence 

Since each side of the RCM is a mirrored copy of the other from a drive and control perspective, the 

set-up and actuation sequence will be described for one side only. The starting point will be defined 

by the plungers in the forward (extended) position, where they would be located after a compression 

cycle had been carried out. Figure 2-3 shows one side of the RCM in a section view in order to 

describe the internal detail. Machine operation is initiated via a manually operated, four-way 

pneumatic valve that was recycled from the original arrangement. This valve allows the de-

pressurisation of the pneumatic drive pressure direct to atmosphere via a snubber port in one 

position, and the evacuation of the two air chambers to sub atmospheric pressures using a vacuum 

pump via another. 

Atmospheric pressure acting on the annular side of the drive piston via a set of radially machined 

breather ports (air inlet slots) on the drive cylinder, creates a retraction force which must overcome 

the static friction of the linear, dynamic seals which isolate the pressures in each sub section. Dual 

acting seals are located on the drive piston, to isolate the drive chambers for positive and negative 

air pressure. Neck seals are located at either end of the hydraulic system, to contain the hydraulic 

oil and locking pressure. Dual acting seals are then located on the piston assembly to contain 

chamber vacuum pressure applied prior to compression and fuel charging, and the in-chamber 

pressures during compression and combustion. The use of vacuum retraction limits the retraction 

pressure acting on the drive piston annular side to max 1 bar atmospheric, and dictates the use of 

ultra-low friction, polytetrafluoroethylene (PTFE) seals throughout, despite exacting axial alignment 

tolerances in the assembly.  

 

Figure 2-3. Extended plunger. 
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Slight discrepancies in the static friction between both sides due to machining tolerances usually 

leads to retraction as a two-stage process. One side repeatedly retracts first, followed by the second 

side once the required vacuum levels have again been reached. This process is usually aided in 

normal operations by the rearward force generated by the compressed gases acting on the piston 

faces, which drive the pistons back once the pneumatic drive pressure has been equalised. The idea 

of replacing the vacuum retraction with a positive pressure retraction system would negate the 

ultra-low friction, dynamic seal requirement and allow the use of more readily available low friction, 

industry standard dynamic seals. This proposal would require significant development effort and will 

be discussed in more detail in subsequent sections. It would be desirable however, since while PTFE 

seals have excellent low static and dynamic friction characteristics and an excellent high-

temperature resistance, their low wear resistance leads to the need for regular replacement.  

The retraction force pushes the plunger assemblies back until the seal holder in the hydraulic 

section contacts the locking seal ring. This acts as the fixed end-stop which dictates the stroke 

starting position on each side as illustrated in Figure 2-4. Vacuum is applied throughout this process 

and maintained even after the plungers are retracted. The resulting retraction force applies a 

preload to the hydraulic locking seal located on the tapered displacement control piston, pushing it 

against the taper seal ring. This preload causes the locking seal to act as a gasket in this low force 

regime, prior to the full sealing deformation caused by hydraulic locking pressure application. 

 

Figure 2-4. Retracted plunger. 
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Hydraulic pressure (600psi/41.3 bar) is applied to the hydraulic section from a hydro-electric power 

pack via a hydraulic port in the top of the hydraulic chambers seen in Figure 2-5. This creates an 

additional retraction force acting on the taper displacement control piston. This fully deforms the 

locking seal, until metal to metal contact is achieved between the mating faces. This provides an 

accurately defined and repeatable physical end-stop while ensuring a low leak (< 1 drop per minute) 

retaining pressure, in excess of the subsequently applied drive pressure. 

 

 

Figure 2-5. Locking pressure applied. 

It is worth noting that no hydraulic seal acts indefinitely and care must be taken to ensure that the 

locking pressure is maintained (and the hydraulic oil is topped up if necessary) with this manually 

operated device, especially if significant delay between charging and firing occurs. The subsequent 

retaining forces act to lock the plunger assembly in the retracted position prior to the application of 

the pneumatic drive pressure. The drive pressure required to extend the plunger assemblies is 

supplied by a remote, roof mounted multistage compressor (145 psi / 10 bar) and piped into the lab. 

This is applied by manually operating the four-way valve once the vacuum has been equalised to 

atmosphere, and the vacuum pump has been isolated, Figure 2-6. Both of the air chambers share 

common and symmetrical pipe work thus ensuring that drive pressure equalises between both sides. 

The pressure area of both the drive piston and the displacement control piston are roughly equal, 

but the locking pressure is about four times greater than the drive pressure which precludes any 

misfiring of the plungers, as long as locking pressure is maintained. The device is now ready to 
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actuate, and the experimental charge can now be applied. During ignition delay studies, the 

compression cylinder and combustion chamber volume would be evacuated at this stage, to remove 

the by-products of previous combustion tests. 

 

Figure 2-6. Drive pressure applied. 

Thereafter, the fuel/air mixture at a specific pressure is introduced to the pre-heated combustion 

chamber via a mixing vessel and the wall-mounted manifold system. During the course of this 

investigation, where only the aerodynamic behaviour of the mixture was of interest, this is the point 

at which the seeding particles, suspended in their transport medium are introduced driven by the 

vacuum in the compression system. In the latter, the pistons are then held in this position until the 

chamber inlets are closed, the lasers are switched on, the camera is set to record, and the position 

sensors set to trigger. These operations needed to occur in rapid succession, since the seeding 

particles would fall out of suspension if allowed to settle for too long, and this operation might 

benefit from some level of automation in future. Once these manual steps were all completed, the 

centrally located hydraulic globe valve, which acted as a firing valve was rapidly opened. Hydraulic 

locking pressure rapidly equalised, the balancing locking force is thereby removed and the force 

acting on the pneumatic drive pistons drives them forward, compressing the contained volume in 

the chamber. 
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 Velocity control and piston synchronisation 

Once fired, the matched inertial properties of the two plungers, and the comparable static and 

dynamic friction properties of the seals ensure the basic similarity of motion of both plunger 

assemblies. Once the actuation ball valve is opened, pressure equalises on either side of the taper 

seal holder, and the retaining force holding the plunger assembly at its starting point is removed. 

The drive pressure, acting on the drive piston full bore area, drives the plunger assembly forward, 

overcoming the initial static and the subsequent dynamic seal friction and the increasing restoring 

force generated by the compression of the chamber gases acting on the piston faces. 

 

Figure 2-7. Plunger motion. 

Since both hydraulic sections are piped to a common outlet, the removal of the locking force occurs 

simultaneously. Minor discrepancies in the onset of motion are minimised by this inherent symmetry 

of the system and can be finely adjusted and synchronised using the balancing, high flow needle 

valves. These valves are chosen with a high flow coefficient (Cv) value, which means they are 

manufactured with high, unrestricted flow when fully open and then can finely restrict flow when 

adjusted. Once motion is initiated, the taper seal holder performs the secondary function as a 

velocity control piston, Figure 2-7. 

During the initial phase of acceleration, the plunger motion is unrestricted by the bore geometry 

of the internal oil chamber. As it enters the tapered “constant velocity” section, its forward motion 

is restricted by the annular area of the tapered section. The restricted flow controls the forward 

motion and leads to a relatively constant velocity without further acceleration. The restricted cross 

section creates a restraining force acting on the forward face of the motion control piston, once the 
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piston enters the motion control section. The pressure difference between the forward piston face 

and the rear piston faces is vented through a longitudinal slot machined into the internal oil chamber 

outer diameter. Forward plunger motion proceeds until the stopping ring enters the stopping groove 

and the rapid deceleration of the plunger assembly occurs. 

 Stopping mechanism at a 4:1 ratio 

As one of the seminal features of the original Affleck design, the stopping mechanism of the dual 

opposed RCM warrants a more detailed description. In order to maintain the desired compression 

characteristics, while maintaining a constant compressed volume at the end of stroke, the plungers 

must be stopped rapidly, but without any bounce back. This requires a rapid absorption of 

momentum. Stopping grooves are commonly used in industry to damp the “bottoming out” of 

hydraulic actuators at the end of stroke. However, applying this mechanism to plungers moving in 

the region of 10 m s–1 is somewhat more challenging. The geometric characteristics between the 

stopping ring and the groove are finely toleranced and were sized through orifice theory and trial 

and error in the original design. The mechanism works by restricting the outflow of oil residing in the 

stopping groove, which is subsequently displaced by the entry of the stopping ring, Figure 2-8. The 

difference in diameter between the outside diameter (OD) of the stopping ring and the internal 

diameter (ID) of the stopping groove creates a restricted annular channel through which the oil can 

exit. A similar relationship occurs on the ID of the stopping ring. Where this tolerance is too tight, 

the oil cannot exit quickly enough and the compressed oil acts as a solid, non-compressible end-wall 

leading to bounce back. Where the tolerance is too loose, the stopping mechanism is ineffective and 

the stopping ring impacts the end-wall of the stopping groove, which also leads to bounce back. 

Where the geometries are sized correctly, the flow of oil outwards efficiently absorbs the 

momentum which leads to a rapid but controlled stopping without any bounce back at the end of 

stroke. 

The OD/ID relationship of the stopping ring / stopping groove interface plays a bigger role in the 

rapid deceleration behaviour of the plungers. The annular clearance of the inner diameters is sized 

to create less restriction. Radial oil vents on the plunger body allow the release of pressure of the 

“trapped” internal volume that is created when the ring enters the groove. This rapid pressure spike 

would otherwise act on the forward neck seal, leading to seal damage and oil contamination of the 

compression/combustion system. As such, some oil inevitably does pass the neck seal. This is then 

wiped off by rearward facing wiper seals located in the cooling collar and transported out of the 

system through oil outlets in the assembly. 
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Figure 2-8. Stopping mechanism. 

The stopping mechanism is aided by the remaining drive pressure in the drive chamber. While this 

drops during the compression stroke due the expanding volume caused by the drive piston’s 

displacement, the end of stroke pressure in the drive chamber still provides a significant forward 

force. This force is sufficient to overcome the pre-ignition pressure generated in the chamber and 

maintain the EOC position. A force ratio of between 4:1 and 2:1 is still sufficient to overcome this 

reacting force, at least until the ignition event, at which time the experiment is concluded. This is 

further aided if the valve through which the drive pressure enters the drive chamber is left open. 

This stopping mechanism is effective up to compressed pressures in the region of 40 bar. This can 

be slightly extended with the addition of increased driver pressure but requires the use of a 

pneumatic pressure booster as installed on the semi-automated Blue RCM (BRCM). This reverse 

engineered sister facility is semi-automated and has an extended drive pressure system with 

feedback and can increase the shop air pressure to beyond the standard 145 psi (10 bar). However, 

the consequent effects of increased piston velocity on compressed gas dynamics must be thoroughly 

investigated. As such, when utilised within the range of the original design operating conditions, the 

plungers are decelerated in a damped and controlled manner avoiding bounce back of the plungers. 

The net extension force still acting on the larger diameter drive piston is larger than that created by 

the compression pistons, so the pistons remain in the forward position until the ignition event or in 

the case of the current optical investigation, until sufficient footage has been captured.  
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In reactive cases, the delay time between end of the compression stroke and the ignition event 

is recorded by evaluating the output of a piezoelectric pressure transducer mounted into the wall of 

the combustion chamber. This is recorded on a scope, which provides a pressure time history during 

compression and the sudden peak pressure during ignition. During the optical investigation, in-

chamber pressure recording was problematic for reasons that will be described later, and pre-

compressed pressure was inferred from Boyle’s Law based on accurate measurements of the diluent 

in fill pressure. End of compression pressure was inferred from compression ratio and comparison 

with non-reactive traces using the standard reactive chamber. 

 Seal friction and PTFE U-seals 

The dynamic seals used in this assembly are similar to the bespoke, O-ring energized, 

polytetrafluoroethylene (PTFE) lip seals manufactured by Claron™ and described in the original 

Affleck paper. While they do not exhibit an exemplary wear resistance, their excellent static and 

dynamic frictional properties and their high temperature resistance made them a logical choice at 

the time, especially when considering the low friction properties required for vacuum retraction 

described previously. Should the positive pressure vacuum retraction method be deployed at some 

future juncture, off-the-shelf, industry standard seals could, no doubt, be employed. Their effect on 

the plunger motion would however require careful investigation. 

In order to improve the life span of these seals, a small modification was introduced to improve the 

contact area between the seal and the bore, Figure 2-9. 

 

Figure 2-9. PTFE lip-seals original and modified. 
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The sharp edge as defined by Affleck was replaced by a shallow lead in taper. This reduced the 

chances of seal damage during assembly and improved wear lifecycle in combination with the 

extended energising effect under pre-heat conditions provided by a Viton O-ring. These seals are 

replaced after every full heating/cooling cycle under standard combustion experimental conditions. 

However they did not require regular replacement during the course of the optical studies described. 

 Chamber and Cylinder Removal  

Another characteristic of the assembly that played a pivotal role in the outcome of the current 

investigation is the removal of the cylinders and chambers. This is carried out on an ongoing basis 

for IDT studies, to reduce the build-up of combustion by-products and of hydraulic oil that gets past 

the wiper seal arrangement. Also the PTFE U-Seals, while exhibiting low friction properties as 

required by the vacuum retraction system and to reduce the effects of seal friction on the 

compression cycle displacement curve, do not have good wear resistance properties and do not 

survive more than one or 2 full heating cycles under normal IDT conditions. The chamber and 

cylinder removal process was also a critical design criterion for the optical investigation since the 

apparatus required a full strip down and cleaning of any seeding particles after each run. 

Due to the relatively narrow geometric constraints posed by the fixed sub frames, the original 

compression cylinders were designed as a fixed and free sliding set. It is imperative that this 

operation occurs with the compression plunger in the retracted position. Once the bolts constraining 

the free side flange to the chamber are removed, the latter can be slid rearward. This provides 

enough space for the chamber to be removed, and subsequently the fixed side cylinder. Finally, the 

free side cylinder can be removed. A similar design constraint was adopted in the Optical chamber 

and cylinder assembly which will be discussed in more detail below. The implication of this in terms 

of the optical study was that great care was required in the design of the optical chamber assembly 

to ensure repeatability of the camera final position in order to have comparative images between 

experiments. This was addressed to a large degree with the implementation of rigid camera frame, 

which also doubled as a bench top test platform and will be discussed in more detail in a following 

section. 

2.3 Optical access chamber  

In order to view the internal volume of the chamber during and post compression, a suitable optical 

access methodology was required. Due to the dual opposed nature of the RCM a radial rather than 

axial perspective was dictated. With single sided machines, an axial view, with a circular cross section 

of the bore geometry with its view oriented toward the piston face is feasible. In this orientation, 
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vortex formation if present would be visible as velocity vectors radiating outward from the central 

core if viewed on the relevant plane. In the case of the dual opposed piston arrangement, the only 

practical viewing orientation is through the side of the compressed volume and forms a square cross 

section view. The subsequent images are bounded by the bore diameter at the vertical extents, and 

by the opposed piston faces at the lateral extents. Vorticity would be readily apparent in this viewing 

direction as mirrored, rotating vector fields in each quadrant of the image. A similar view orientation 

was previously described by Ben Houidi et al. [73] in a number of studies, using a square cross section 

piston. This geometry was optimised for optical investigation since the inner optical surfaces are flat. 

However, since the goal of the current investigation was the observation of aerodynamic behaviour 

in the existing round bore geometry the inevitable distortion caused by viewing through a concave 

lens needed to be addressed. 

While it would be interesting to view the full bore of the compression cylinder during the 

compression phase and therefore witness the evolution of vorticity, the view of primary interest, 

was the volume at the end of compression. This meant that optical access was only required for the 

central chamber. This chamber only needed to be robust enough to withstand the non-reactive 

compressed pressure, since reactive experiments were not included in the scope of this 

investigation. The primary design criterion was a viewing port with a large enough field of view to 

observe the final compressed volume, and specifically the area bounded by the face to face distance 

of the pistons and the walls of the cylindrical bore. The second criterion was that the chamber 

needed to allow optical access for a planar illumination sheet to illuminate only those particles on 

the mid-plane of interest. The camera window needed to allow the image to be viewed normal to 

the illuminated plane. The internal bore needed to be smooth and without discontinuity, in order to 

present no obstacle to aerodynamic behaviour. Therefore, any optically clear access would by 

necessity have the concave inner surface as mentioned above. Any light trace would therefore be 

affected by this cylindrical lens geometry and exhibit vertical image compression/distortion. 

A number of different chamber design strategies were investigated. Solid optically clear chambers, 

steel chambers with suitable shaped optical inserts, and a thin walled optical tube with a metal 

support chamber were all considered. Guibert et al. 2007 [74] utilised a solid sapphire chamber with 

great success. However, the expense of this was unjustified at the outset of the investigation. Solid 

chambers of other transparent materials such as acrylic and polycarbonate were machined in house 

to investigate the magnitude of image distortion and the effects of material choice and geometry on 

optical clarity and distortion. Bench trials of these were carried out using a camera phone and 

constant wave (CW) builder’s laser level. These provided useful insight into optical clarity, image 
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distortion and internal reflection and absorption of laser light. These were further supported by ex-

situ trials using a TSI PIV system.  

           

Figure 2-10. TSI laser controller and camera and sheet optics. 

Figure 2-10 shows the laser control system on the left, which includes a Q-switched NdYag laser 

system and the laser optics output on the upper shelf and the cooling system on the lower shelf. The 

image on the right shows the ex-situ camera set up with the digital camera positioned on a cross 

beam facing downward toward the test subject. The black arm extending into the image from the 

top right of the image contains the adjustable laser optics arm, which can be used to direct the beam 

easily to the required direction due to internal mirrors. 

   

Figure 2-11. Polycarbonate chamber development. 

The initial trials were carried out with modifications to a simple cylindrical chamber made of 

polycarbonate, as shown in Figure 2-11. The dimensions and bolt circle location or pitch circle 

diameter (PCD) were taken from the pre-existing combustion chamber used in reactive tests. Optical 

grade polycarbonate was not available beyond 20mm thickness so image distortions were expected, 

if lamination construction was to be avoided. Both bench trials and ex-situ PIV trials showed that the 
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polycarbonate, while suitable from an internal pressure perspective, did not have the desired optical 

clarity for the investigation. The rounded outer contour further distorted the image and was quickly 

modified to a flat outer surface for both camera and laser access. Any discontinuities in the optical 

medium, such as bolt holes and unpolished surfaces led to considerable internal reflections and laser 

hotspots of high intensity, as seen in Figure 2-12. Here the simple cylindrical chamber is shown on 

the upper left (a) and the images taken with the TSI PIV rig below it. These were somewhat remedied 

by polishing with cerium oxide and by removing as much material as possible. The final 

polycarbonate geometry was an octagonal shape with polished viewing surfaces. The geometry of 

this was then copied using acrylic, which had improved optical clarity, but was deemed unsuitable 

to withstand internal compressed pressures. The acrylic chamber is shown in Figure 2-12 on the 

upper right (b). The images on the lower right were taken with the TSI system. While reflections of 

high intensity were seen in the angled faces (pink hotspots) optical clarity in the Field of View (FOV) 

were improved. The reflections were significantly reduced by spraying all non-optical surfaces matte 

black. 

 

a 

 

b 

  

Figure 2-12. Solid body optical trial materials and performance. (a) Polycarbonate cylindrical 
chamber, (b) Acrylic octagonal chamber. 

This acrylic chamber was used in bench trials to view the behaviour of vapour and smoke piped in 

through the chamber via a flow straightener and out via geometry designed to mimic the piston 

dimensions,  
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Figure 2-13. These initial bench top trials provided a low cost and useful insight for further 

development. Investigation into the procurement of solid, optically-clear chambers revealed that 

bespoke, specialised sapphire or quartz chambers were too costly with the study in its infancy. It was 

also clear that glass, thin walled, viewing and laser windows would be advantageous. 

This presented a conundrum since the wall needed to be thin enough where the laser sheet entered 

the chamber in order to avoid excessive absorption and reflection, but conversely thick enough to 

withstand the internal pressures generated by the compression stroke. The failure mode of glass 

pressure vessels occurs through crack propagation and is a function of the unsupported area 

subjected to, in this case, an internal pressure loading. 

 

Figure 2-13. Bench-test acrylic trials. 

In house glass fabrication was not practical, therefore a metal chamber that could be machined in-

house with optical access windows was more feasible. The challenges presented by matching the 

geometry of optical inserts with the internal bore, and the need for separate inserts for camera and 

laser access made shaped inserts less desirable. Off-the-shelf glass was  

This process informed the initial chamber concept of a thin walled precision bore glass tube, 

supported externally by a metal retaining chamber, Figure 2-14. The glass tube would provide a 

single sealable internal volume with access for both laser light and camera view, and with a smooth 

internal bore, without any step backs or protrusions that might impact on the compressing gas 

behaviour. Any ancillary porting, such as pressure sensor ports would need to be drilled into the 

tube wall. This glass tube would then be supported by a metal outer chamber in order to extend the 

compressed pressures it could reasonably withstand. 

In order to reduce image distortion and provide additional mechanical support for the larger 

unsupported area of the viewport, the idea of introducing a refractive index matched, optical 

transport medium was proposed. This pressurised liquid would act as a “liquid lens” in conjunction 

with a flat top glass, and would act to bridge the gap between the standard section glass tube and 
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the flat plate top glass. It was also act as a mechanical support for the inner tube when it was 

subjected to internal pressure, but this solution was not realised until later iterations. 

 

 

Figure 2-14. Early optical chamber concept design. 

While higher quality optical glass tube could have been employed at this juncture, a conveniently 

sized Schott Duran® Precision Bore, borosilicate glass tube was sourced as a starting point for the 

experimental optical chamber design. An iterative process was embarked on to refine this design. In 

the initial optical chamber (Mk I), the glass was cut to length using a lathe and diamond files, ensuring 

that no chipping of the edges occurred. All sharp edges were smoothed with diamond paste to 

reduce the probability of crack propagation, but the internal diameter edges were kept sharp to 

minimise step discontinuity with the cylinder bore. The support chamber was machined from 

aluminium, and the same chamber was re-used/modified for a number of iterations. The choice of 

aluminium for the preliminary designs allowed for relatively quick replacement/modification. In the 

initial versions (MkI-MkIV) a “saddle glass” and retainer was introduced to match the outer contour 

for the glass tube and provide mechanical support to the large area of the camera viewport. This 

was manufactured from acrylic and its internal surface machined in the chamber to provide a 

smooth internal curvature consistent with the support chamber bore. This internal curvature was 

also polished in a step wise fashion from 600 grit to 2000 grit polishing compound and ultimately 
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with cerium oxide paste, to ensure optical clarity. Index matched glycol optical transport paste was 

compressed between the mating surfaces to further improve optical clarity. In the initial iteration 

(MkI), see Figure 2-15, the tube was free floating in the tight fitting internal bore, retained only by 

contact with the cylinders once assembled. Sealing was affected through the use of O-rings. Where 

possible, all surfaces were painted matte black to reduce reflections. This general concept was 

broadly adhered to for the MkI-MkIII versions of the chamber. 

 

Figure 2-15. Mk I optical chamber. 

The Duran glass tubes, despite the issues they subsequently led to in terms of bore to outside 

diameter misalignment provided a cost-effective means of trialling the general concept. Long 

lengths of this glass tube are readily available off-the-shelf, and even after employing the services of 

a glass supplier to cut a considerable number of these to the required length within a tolerance of ± 

0.1 mm, they were a fraction of the cost of a single bespoke piece from an optics supplier. 

In the Mk-I version of the chamber, the laser ports were machined directly into the side of the 

chamber body. However due to the long reach required for the milling operation, the smallest 

practical cutter was 6mm diameter. This increased the unsupported area of the laser port 

unnecessarily. However, this chamber arrangement was only trialled ex situ in the TSI PIV rig, and as 

such was not subjected to any significant internal pressure. The thickness of the acrylic saddle 

support was chosen conservatively in anticipation of subsequent compressed pressures. However, 

significant image compression was caused by the long light path between the subject plane and the 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

53 | P a g e  
 
 

 

outer surface of the acrylic viewing port. Image clarity and subject focus were adversely affected by 

the index mismatch between the three optical media. 

In subsequent design versions of the chamber (MkII – MkVI) the laser ports were machined from 

separate inserts which allowed for machining from both sides and allowed the reduction in slot width 

to 2 mm. These could have been manufactured though both sides of the chamber directly and 

simultaneously using wire erosion methods but would have required the involvement of an external 

service provider. The inserts were slotted with as small a slot as possible to minimise the 

unsupported area while allowing the laser sheet to illuminate the full investigation area. They were 

also machined in the chamber along with the acrylic support to provide a smooth support for the 

glass tube. Since the unsupported area was then much smaller, the laser ports required no additional 

acrylic support within the compressed pressure regimes anticipated in the investigation. In the Mk 

II, Figure 2-16, a longer saddle glass retainer was introduced and the chamber viewport was modified 

to reduce the thickness of the acrylic support. This further reduced image distortion. Once 

manufactured this assembly was hydrostatically tested up to 20 bar by making end-caps and using 

water and a Maximator™ pressure pump to verify its capability to withstand anticipated in situ 

pressure conditions. 

 

Figure 2-16. Mk II optical chamber. 

This was the first iteration to be used on the RCM for in situ trials. These initial trials were carried 

out with simplistic camera phone image capture methods using a builder’s laser level for 
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illumination. While showing promising results in principle, these trials also highlighted some 

mechanical shortcomings in the concept. The use of O-rings to maintain the closed internal volume, 

while capable of withstanding the internal pressure during hydrostatic tests, led to glass breakages 

during the sudden pressure increase witnessed due to stress concentration at the radial O-ring 

grooves. Moreover, the free-floating nature of the glass assembly exacerbated the misalignment of 

the external and internal diametric geometry of the supplied glass, which will be described in more 

detail later. In these early trials the effects of bore misalignment were remedied only by modifying 

the piston outer diameter in order to avoid collisions between the piston and the glass. This will be 

outlined in more detail in the following section on piston geometry, however effectively meant that 

the large disparity between the piston diameter and cylinder bore created an effective crevice 

unintentionally. However, these early trials were useful for the stepwise improvement of the system 

as a whole. The decision to use aluminium in these first iterations meant that modifications and even 

remakes of the chamber were relatively quick and cost effective. Figure 2-17 shows the Mk III 

chamber during production. 

MkII – MkIV involved modifications of the same aluminium support chamber, and since the basic 

geometry remained the same for iterations Mk-II to Mk-V the choice of aluminium provided a 

relatively inexpensive way of improving the design, using the same or slightly modified CNC code to 

machine or re-machine the parts. In house machining capabilities, and direct access to off-site 

machining at the Marine Technology Ltd. facilities introduced the relatively economic flexibility of a 

number of improving iterations by trial and error, each building on the experience of the last. Where 

possible parts were re-used between iterations, however the need to heat the chamber in 

subsequent iterations to > 500 °C in order to remove the adhesive when replacing glass, changed 

the temper and therefore the machinability of the aluminium, making subsequent machining 

operations problematic. In these later cases, a new support chamber was often required if major 

modifications were required. The reliance on the computer aided manufacturing (CAM) section in 

Autodesk Inventor Fusion, made replacing components a fairly straightforward and efficient 

prospect. 
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Figure 2-17. MkIII chamber in production. 
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Figure 2-18. Mk-III optical chamber. 

In the Mk III iteration the glass was more positively retained using clamping end-caps, Figure 2-18. 

These were also introduced in an attempt to introduce some adjustment in the radial location of the 

glass and reduce the impact of glass OD/ID misalignment. This arrangement was trailed in situ with 

an Andor Zyla Camera and builder’s level for illumination. Bore alignment was improved significantly, 

which allowed tighter tolerances on the piston external diameter geometry. However, since these 

was still no means of positively locating the glass rotational orientation, the glass tended to rotate 

over time leading to dis-improved alignment and glass breakages over time. This informed the 

decision to migrate glass sealing/location to the use of adhesives rather than O-ring seals. 

In the Mk-IV iteration Epotek, Figure 2-19, T7109 low outgassing epoxy which was introduced in 

place of the O-ring seals as previously discussed, and oven cured. The void space between the glass 

OD and the acrylic saddle glass was filled with liquid glycol and required the introduction of an O-

ring seal on the saddle glass. In a further attempt to rectify the issue with glass bore misalignment 

the support chamber bore was increased to allow the glass to be glued aligned to the internal bore 

rather than the external geometry. 
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Figure 2-19. Mk-IV Optical chamber. 

Bore alignment was further improved but not perfected. Piston tolerances closer to the target 

geometry still led to collisions. Replacement of glass due to breakages was affected by heating to 

high temperature and shock quenching. This chamber was used to trial the Chronos high speed 

camera with CW laser illumination. 

In the penultimate iteration of the optical chamber (MkV), the saddle glass was dispensed 

altogether, Figure 2-20. This represented the first attempt to improve optical clarity using the “liquid 

lens” mentioned in the initial concept design. In this case a standard soda lime silica window glass 

cover glass was used to seal in liquid glycol. This arrangement improved optical clarity and reduced 

image compression. This chamber was also designed to allow for the use of a PCB piezo electric 

sensors to directly record compressed pressure. However, attempts to drill the existing borosilicate 

glass with the required hole to allow for pressure sensor access to the chamber proved beyond the 

capabilities of in-house machining. 
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Figure 2-20. Mk-V optical chamber. 

Despite every effort to drill the glass using diamond drills, and even applying best practice techniques 

such as flame and diamond paste polishing of the edges and applying a tempering heat regime to 

reduce the internal stresses introduced, the attempts to run experiments with direct pressure 

measurement proved fruitless, often leading to broken glass at the hydrostatic pressure testing 

phase. Due to the time required to replace the glass, direct pressure measurement was abandoned 

after a few attempts, and instead pre-compressed pressure was estimated using Boyle’s Law, the 

justification of which will be outlined below. This was deemed appropriate for the current 

investigation, but will be the subject of more rigorous investigation in future, since the thermal 

conductivity and therefore the boundary layer characteristics are likely to differ considerably from 

the standard reactive chamber, due to the introduction of the optical access material. It is intended 

that a pressure access port can be included in the design of future bespoke sapphire tubes, which 

are being considered for improvements for both optical clarity and mechanical strength. Sapphire is 

also more closely matched to stainless-steel in terms of thermal expansion coefficient and will allow 

for tighter tolerances between the optical glass and the final stainless-steel chamber bore. 

In the final iteration of the chamber Mk VI, Figure 2-21, the design was informed by all the 

previous experiences. It culminated in a novel solution to compression chamber optical access. The 

viewing window was reduced to account for optical distortion and 316 stainless steel was chosen as 
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the material to future proof for potential higher compression studies. The soda lime cover glass and 

glycol optical transport medium was dispensed with in favour of a cover glass made of borosilicate, 

with identical optical properties to the glass tube, and pressurised paraffin oil with almost identical 

refractive index properties. This reduced the length of the light path, thereby reducing the overall 

image distortion and light absorption while improving particle focus. As with previous iterations, all 

reflective surfaces were painted with matte black paint to avoid laser reflections, and the inner bore 

of the lower half of the glass tube was also painted to improve image contrast. With the Mk-VI 

version problems with bore alignment were also finally addressed. The support chamber bore was 

machined with a tight tolerance to the glass tube. The inserts were all machined at the same time 

as this bore. However, the lead in bores and the locational geometry was only machined after the 

glass was cured. This could then all be located in reference to the internal glass bore ensureing bore 

alignment with the cylinder bores and the chamber. 

 

Figure 2-21. Mk-VI optical chamber. 

This will be described in more detail in the section describing some of the challenges faced in this 

development process. The optical access viewport was also modified to make optimal use of the full 

camera optical sensor or charged coupled device CCD aspect ratio and reduced in size to take full 

advantage of image compression while minimising the unsupported area. The full Optical chamber 

development process is outlined in Table 2-1. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

60 | P a g e  
 
 

 

Table 2-1. Optical chamber development process overview. 

 

  

Chamber Material Tracer Particle Illumination Camera System Test Outcome

Polycarbonate Styrofoam in water NdYag Laser TSI PIV system

ex situ steady state and 

in situ mechanical 

compression test

Internal Reflections and low 

optical clarity. Image distortion

Polycarbonate Styrofoam in water NdYag Laser TSI PIV system

ex situ steady state and 

in situ mechanical 

compression test

Internal Reflections and low 

optical clarity. Distortion 

improved

Polycarbonate Styrofoam in water NdYag Laser

TSI PIV system 

and camera 

phone benchtests

ex situ steady state 
Internal Reflections and optical 

clarity improved

Acrylic.  Black Paint Masks 

applied 

Smoke and Propelyne Glycol 

Vapour
Builder's Laser

Camera phone 

benchtests
ex situ steady state 

Improved clarity and contrast.  

Reduced internal reflections

MkI

Sealed Borosilicate Glass 

Tube and Aluminium 

Chamber Acrylic Saddle

Corn Oil and Corn Starch NdYag Laser

TSI PIV system 

and camera 

phone benchtests

ex situ steady state 
Good visibility but not capable 

of elevated internal pressure

MkII

Sealed Borosilicate Glass 

Tube and Aluminium 

Chamber Acrylic Saddle

Corn Starch Builder's Laser Camera Phone in situ steady state Floating Glass Breakages 

MkIII

Sealed and Glued 

Borosilicate Glass Tube 

and Aluminium Chamber 

Acrylic Saddle

Corn Starch Builder's Laser Andor Zyla in situ steady state Axial Alignment  Breakages

MkIV

Sealed and Glued 

Borosilicate Glass Tube 

and Aluminium Chamber 

Acrylic Saddle

Corn Starch Pulsed Laser Chronos in situ vacuum driven
Improved Axial Alignment and 

image quality

MkV

Sealed and Glued 

Borosilicate Glass Tube 

and Aluminium Chamber.  

Cover Glass and Glycerine

Corn Starch Pulsed Laser Chronos in situ vacuum driven

Further improved Axial 

alignment and Image Quality.  

PIV possible

MKVI

Glued Borosilcate Glass.  

Stainless 316 Support 

Chamber. Cover Glass and 

Paraffin

Corn Starch Pulsed Laser Chronos in situ vacuum driven

Final Version.  Reduced 

Window size, Axial alignment 

issue solved.  Better Aspect 

Ratio, reduced distortion
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2.4 Piston geometry and MkIV piston evolution 

The current study intended to compare the efficacy of the current piston geometry in use in the 

RRCM for IDT studies. The MkIV-3-R piston refers to the 4th iteration of piston geometry as refined 

according to the work of Würmel and Simmie [8] and Colm Traynor [75]. The number “3” refers to 

the 3 mm wide piston groove as seen in Figure 2-22. The letter “R” merely refers to the RRCM (Red 

RCM) as opposed to the other cloned facility the BRCM (Blue RCM). The pistons are machined from 

316L stainless steel. The entrance channel of the crevice is machined with a lead-in taper of about 

5°, which restricts the outer geometry from about 0.5 mm to 0.15 mm radial clearance over a 4 mm 

distance.  

 

Figure 2-22. MkIV-3 piston geometry. 

The crevice itself is created by machining a 3.mm wide radial groove to a depth of 21.8 mm 

(diametric). The sharp edge is removed by adding a radius of 0.1 mm as shown in the detail B. 

However, care must be taken during the drafting process to ensure the 37.2 mm diametric 

dimension is adhered to once this radius is applied. The pistons were clearly stamped with the 

designation number to avoid confusion. 

The performance of the Mk-IV-3 piston was compared to a flat piston arrangement without a 

crevice groove. All other dimensions, including the lead-in geometry were maintained in order to 
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isolate the effect of the crevice volume only. This piston was referred to as the MkIV-0, to describe 

the omission of the crevice radial groove, Figure 2-23. 

 

Figure 2-23. MkIV-0 piston geometry. 

Due to misalignment issues between the cylinder bores and the chamber bore with the Mk-II – Mk-

IV chambers, brought about through wall thickness discrepancies with the precision bore optical 

glass tube, the 2018 results required the use of a modified piston geometry to avoid piston to glass 

collisions and subsequent glass breakage. This was achieved by turning down the outside diameter 

for the piston from 38.1 mm to 37.5 mm. This was deemed appropriate since the purpose of those 

tests was to validate the particle selection and delivery processes, but essentially meant even those 

pistons without a radial groove had a crevice volume, albeit with a large entrance channel. Figure 2-

24 shows this piston geometry with the designation T for “Turned”. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

63 | P a g e  
 
 

 

 

Figure 2-24. MkIV-0-T piston geometry.  

Due to small observed displacement mismatch from the linear transducer traces, face to face 

distance of the pistons was determined by measurement, once the plunger and pistons were 

assembled. A barrel micrometre was deployed to measure the fully retracted distance, and 

alternately the face to face distance with one piston retracted and the other extended. The fully 

extended EOC face to face distance was measured using a pin micrometre. This investigation 

revealed a stroke discrepancy of only 0.2 mm between the two sides, and a face to face distance of 

28.95 mm ± 0.01 mm in the fully extended position, with the pistons used in this investigation. The 

measurement methodology and the equipment used are outlined in Figure 2-25. The barrel 

micrometre is shown in the top left image, and the pin micrometre in the lower left. The 

measurement process and results are depicted on the right-hand side. 
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Figure 2-25. Ascertaining MkIV piston face to face distances.  

The repeatability of this dimension was aided by the refinement of the piston seal assembly. 

Previous iterations of the piston seal relied on seal compression to provide the end-stop when 

inserting the ½”-UNF thread into the end of the compression plunger. Since this process is somewhat 

subjective between operators, a fixed length holder was introduced. An aluminium seal holder 

mechanically defined the piston screw in end-stop and also removed some potential leak paths 

present in the original design. The original PTFE seal design, as defined by Affleck and Thomas [42] 

was used with a slight modification to the lip geometry to improve wear resistance and the material 

of the BS217 energising O-rings were changed from nitrile to Viton, as already described. A legacy 

external groove O-ring (BS218) was retained, despite the fact that it adds to seal friction and that 

the use of O-rings in linear translation applications is not usually recommended. However, it does 

appear to serve a purpose as a static seal during the chamber evacuation process. PTFE wear rings 

were accurately machined to guide the pistons in the bore, but also to provide the required pre-

compression on the lip-seals. The O-ring is pushed into the groove of the lip-seal and exerts a force 

which acts to expand the lips of the seal. Positive pressure acting on the O-ring side of the seal 

subsequently expands the lips further once higher operating pressures are witnessed. The dual 

acting opposed lip-seals act for both positive and sub atmospheric pressures within the combustion 

chamber. 
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Figure 2-26. MkIV seal pack modification. 

2.5 Particle selection 

The next process in the development of the PIV system was to decide on a suitable tracer or seeding 

particle. Some rudimentary bench trials were carried out early on in the investigation using 

electronic cigarette vapour and cigarette smoke as previously described. These provided some 

insight into the characteristics of the pre-trial optical access chambers but were unsuitable for actual 

pressurised experiments. The former would disappear once rapidly compressed, only reappearing 

once the compressed pressure had dropped again due to heat loss. Both vapour and smoke particles 

were also too small to be detected by the available camera hardware when introduced as mono-

disperse, discrete particles. 

As outlined in the Introduction, the particle characteristics of interest were size, density and light 

scattering ability. Also, the ability of the particle to remain visible during the full compression stroke 

was a necessary attribute. As described previously, a small sized particle is more likely to conform to 

the actual flow patterns in a gas of a given density, but the particle also needs to be visible to the 

camera as a discrete entity in order to be analysed using PIV techniques. Another property of the 

particle is its ability to scatter light. This Mie Scattering property allows the particle to appear larger 

than it actually is, and therefore allows smaller particles to be visible to the camera. The early bench-

test provided interesting images but showed that these particles were too small to suit PIV with the 

available hardware. Other methods could potentially be deployed to quantify vortex area and degree 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

66 | P a g e  
 
 

 

of vorticity but since the ultimate goal of the investigation was to employ PIV techniques, these 

particles were ruled out. A number of other low-cost particle generation methods were investigated 

for this initial verification phase. 

  Oil droplet seeding particles 

A commonly used method of generating suitable tracing particles for PIV was introduced by Laskin 

in 1948 [76] as described by Echols et al. in 1963 [77] and Kähler et al. in 2002 [78]. In this method, 

compressed air is pushed down a tube submerged in a bath of oil. The end of the tube is closed off 

and the air must exit via a series of radially drilled holes (nozzles) that are located below the surface 

of the oil (Figure 2-27). 

 

Figure 2-27. Laskin nozzle operation. 

The air exiting the nozzles creates tiny air bubbles, which entrap tiny droplets of the oil. As these rise 

to the surface of the oil the bubbles burst and eject the oil droplets into the flow of air exiting the 

oil chamber. An impaction plate ensures that larger droplets do not enter the air flow and 

congregate and drip back down into the bath. Particle sizes generated in this fashion are commonly 

cited in the region of 1 μm. 

An aluminium tank with four nozzle tubes was manufactured from available materials with a 

bypass valve and a pressure regulator, Figure 2-28. Particle behaviour was tested ex situ using the 

TSI camera system and steady state flow regimes. While discrete particles were discernible as shown 

in Figure 2-29, using this exemplary low light intensity system, PIV was not achieved due to 

difficulties in particle cloud density regulation. 
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Figure 2-28. Laskin oil droplet particle generator. 

The Chronos high speed camera system, lens and optical pathway hardware combination required 

for the actual time series analyses was unable to identify individual particles. Further trials were 

discontinued. While the particle sizes were highly suitable for tracer tracking fidelity, oil mist quickly 

built up on the optical windows creating distortion and occluding the image. Despite introducing the 

four separate nozzle tubes into the same assembly, it proved difficult to regulate the density of the 

particle cloud. Furthermore, trials suggested that a minimum of 1 bar differential pressure was 

required to generate the particle cloud. Since the design limitation on pressure was set at sub-

atmospheric (500 mbar) pre-compressed pressure, to avoid damage to the optical windows, this 

precluded the use of this system without a secondary intermediate pressure holding tank. This 

method warrants further investigation since the particle size and Mie scattering properties should 

be ideal for PIV investigations with these conditions as outlined in the Introduction. 
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Figure 2-29. Oil droplet image taken with TSI PIV camera. 

 Corn starch particles  

Higher contrast images were created using corn starch particles propelled by compressed air which 

conformed to the results as outlined in previous studies by Guibert et al. [50], although in that study 

potato starch particles were employed. Ex situ trials showed an immediate improvement in the TSI 

PIV system’s ability to detect the particles and steady state flows were analysed using PIV. They also 

required far less gas flow to initiate the particle cloud and were more visible to the camera. Particle 

cloud density also proved more controllable and repeatable. The corn starch was initially introduced 

using a glassware reservoir, Figure 2-30, where the particles were perturbed by a jet of air. This 

produced a cloud of particles which were then piped in through the inlet and out through the outlet. 

 

Figure 2-30. Simple corn starch cloud generator. 
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The density of the particle cloud was easily adjusted by inlet flow regulation, and ex situ trials 

produced image pairs that were able to be analysed with PIV software. Once this seeding particle 

was decided on, methods of introducing the particles to the chamber assembly were investigated. 

The corn starch used in this investigation was household grade and as such had a wide spread of 

diameters, also the sample should have been heated to reduce the particle diameter and the chance 

of moisture absorption. Attempts to dry the particles using overnight vacuum process were not 

successful. As such the particles did not strictly adhere to the particle flow. This will be discussed in 

more detail later, and the justification for continuing on with this method described. 

2.6 Particle introduction  

 Direct inflow 

In order to carry out PIV analyses on the compressed volume, the particles need to be introduced to 

the pre-compressed volume with the pistons retracted. In the first iteration of the development the 

particles were introduced with a steady state flow of compressed air. This ruled out sub atmospheric 

pressures of diatomic diluent but provided a platform on which to test other aspects of the overall 

system. The chamber assembly was supported in the RCM by compression cylinders, which were 

divided into two guided, axially translatable sections. These were designed in such a way that when 

they were pushed back they opened a large orifice particle inflow and outflow port. 

 

Figure 2-31. Direct particle inflow arrangement. 
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Since it was predicted that the seeding particles would settle quite quickly once inflow was stopped, 

a fast-acting shutting mechanism was devised. This was made up of a ring with a multi-start thread, 

Figure 2-31. The particles were flowed in through one port and out again through the other. The 

process was repeatedly reversed to assess the symmetry of the results. 

The experimental rig was installed on the RCM, and for initial trials a simple camera phone 

arrangement and builder’s laser level was used to create the optical sheet and assess performance. 

Based on the initial success of this arrangement, an Andor Zyla 4.0 low light sensitive monochrome 

camera was temporarily procured in order to improve image quality, Figure 2-32. Constant wave 

laser was still used in this trial. This trial validated the performance of the chamber, despite some 

misalignment issues which will be described in a later section. 

 

Figure 2-32. Andor Zyla™ camera with CW laser. 

The trial also confirmed that the particles remained suspended for a considerable time after closing 

the ports but showed that the inflow method led to build up of the corn starch particles by the inlet 

due to high velocity impaction. The results were some promising images of vortex formation, Figure 

2-33, from the accelerated particles but these were rapidly occluded by particles mechanically 

ejected from the sudden stopping of the piston faces and also through scraping of settled particles 

on the cylinder wall. This trial highlighted the fact that the direct in flow method required 

modification. 
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Figure 2-33. CW laser and 200 fps Andor Zyla™ image. 

The primary feature in the image is a large central jet and two vortex lobes moving from right to left. 

However, these are largely filled with ejected rather than suspended particles. While both pistons 

were in motion, the particles in this instance were flowed in from left to right. The aerodynamic 

feature moved from right to left. This suggested that the feature was largely brought about by 

particles that had settled on the right-hand piston face during inflow. This was further supported by 

reversing the inflow process. The image, incidentally, highlights the anticipated requirement for 

pulsed laser illumination as described below, since the particle positions are seen as streaks rather 

than the individually discernible dots required for PIV. 

 Vacuum Driven In-Flow 

In the final particle introduction methodology, a fluidised bed particle tank was employed. Bench 

trials were carried out with a scaled down version that utilised the glassware from the previous 

iteration and introduced a Plexiglas tube to act as a holding tank and to observe the particle 

behaviour in the tank, Figure 2-34. This tank was driven using positive pressure. A tangential outflow 

was included to pre-sort the particle sizing. Despite the fact that high vacuum conditions could not 

be reached, this tank was also used to bench trial vacuum driven particle flow, since sub atmospheric 

pressure was required for the in-situ experiments. Rather than using compressed pressure to create 

and drive the particle cloud through the chamber, vacuum was applied to a chamber attached via a 

shut off valve to the outflow port. Inflow was also isolated with a shut off valve. The charge tank was 

attached to the inflow. His was then charged to 500 mbar absolute with nitrogen. Opening the inflow 

valve created a flow to generate the particle cloud in the Plexiglas tube. 
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Figure 2-34. Preliminary concept particle inflow tank. 

Opening the outflow valve allowed these to be pushed into the final chamber. The behaviour of the 

particles could be assessed through the Plexiglas tube using the upright sheet setting on a builder’s 

laser level. 

Having assessed the overall principle with this rudimentary arrangement, a larger tank was 

fabricated from industrial PVC pipework. The pressure rating (12 bar) was sufficient for any expected 

or unexpected conditions, and potential outgassing in terms of vacuum quality was accepted in 

favour of cost of manufacture and ready availability. A simple adjustable, spring actuated pressure 

relief valve was employed to act against any unsafe over-pressurisation. In this system, sub-

atmospheric conditions were realised, by generating the flow in a closed system. This was achieved 

by evacuating the system (between 1 and 1 × 10–1 Torr was achievable), then filling the isolated 

intermediary charge tank to the required concentration of diluent via the wall mounted manifold 

system used in standard non-reactive studies. Pressure levels were measured using a Baratron 

MKS™2000 pressure sensor. The manifold system was then isolated at the wall to ensure against 

contamination of the manifold with the seeding particles. The connection tubing was always kept at 

positive pressure and the PIV system always evacuated to ensure against reverse flow back into the 

manifold system. With the charge tank isolated from the manifold, the second stage of the process 

was to rapidly flow the diluent into a second large volume tank which had corn starch scattered over 

a filter membrane. The rapid inflow of diluent from the inlet at the bottom of the tank, created a 

cloud of particles in the secondary tank, termed the particle tank. The smaller particles remained 

suspended in the gas for a considerable amount of time, while larger particles and clumps quickly 
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fell out of suspension. Therefore, this stage also acted to some degree as a particle grading method. 

In order to ensure sufficient vacuum in the compression chamber a secondary vacuum pump was 

added after the large orifice outflow valve. With the cylinder inflow ports in the open position and 

the secondary vacuum pump isolated, this globe valve separating the second tank and the chamber 

assembly was opened, and the pressure differential between the evacuated chamber and cylinder 

assembly drove the suspended particles into the compressed volume. 

The inflow arrangement was originally designed to allow particles to flow in towards the central 

chamber mid plane. This was done as an attempt to at least introduce a symmetry to the in-flow 

particle behaviour. This however was changed to a single inflow port after damage to one of the 

slider boxes needed to be remedied during the course of the January 2019 trials. The introduction 

of this particle tank greatly improved the mono-dispersity of the particle cloud, reduced the 

accumulation of settled particles in the inflow system and led to a more even distribution of particles 

in the pre- compressed volume. A schematic of the particle inflow system used in the Jan 2019 trials 

is presented in Figure 2-35. This diagram portrays the single sided that was adopted out of necessity 

as opposed to the original double inflow methodology used in the 2018 trials. However the single 

sided method used the same arrangement albeit with a new single leg inflow tube. 

 

Figure 2-35. Layout of particle introduction system. 
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Figure 2-36. Inlet slider. 

In this final iteration more rigorous consideration was also given to improving the particle inflow 

port characteristics. The design incorporated a set of inlets that were machined to match the 

diameters of the inflow pipe work and the bore diameter with a smooth transitional section when 

in the open position, Figure 2-36. The inflow geometry was optimised and machined in a 3-D process 

to reduce any edges or geometric discontinuities where particles could aggregate or settle. These 

then provide a precision machined, through-bore for the pistons to pass through when in the closed 

position. This also protected the piston face from particle settlement during the inflow process and 

removed any light dusting of particles on the in-flow ports from the compression phase. The slider 

boxes and sliders were machined from acetyl copolymer for this investigation in order to validate 

the system as a whole, but it would be envisaged that these would be made from stainless steel for 

a future version to improve vacuum characteristics and lifetime. The through bores were equipped 

with a press fit insert made from aluminium, the final bore dimensions of which were only machined 

and honed once the full assembly for each side was complete, to ensure bore alignment for the 

pistons, as shown in Figure 2-37. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

75 | P a g e  
 
 

 

 

Figure 2-37. Cylinder assembly honing setup. 

A spring-loaded dowel assembly which engaged once the sliders were in the through bore position 

ensured repeatable alignment with the compression bore. The use of plastic for the slider boxes was 

justifiable, since the chamber only witnessed significant pressure in the latter extent of the 

compression stroke at which point the piston extension was beyond the slider boxes and into the 

more robust aluminium compression cylinder section. Unfortunately, damage to the fixed side slider 

box due to a misfire and with the through bore in the closed position and the inadvertent omission 

of the strong back retainers, discounted its use after the first few runs in the final experiment. This 

needed to be rapidly replaced with a short aluminium spacer in order to carry out the presented 

experiments within the allotted experimental window. Any future investigations should revert back 

to the dual inlet arrangement shown in Figure 2-38 since particle inflow from both sides was more 

suitable and reduced the residual effects of asymmetric inflow. 
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Figure 2-38. Slider boxes assembly. 

 

Figure 2-39. Slider boxes in production. 

The inlet slider box arrangement in production is shown in Figure 2-39. The final design assembly is 

depicted in Figure 2-40, and the fully installed particle introduction assembly is shown in Figure 2-

41. 
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Figure 2-40. RCM final PIV installation design. 

 

Figure 2-41. Particle tank and inflow manifold installed. 
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2.7 Camera selection 

The TSI PIV system was invaluable for testing many of the aspects of optical chamber and particle 

delivery system development. While an excellent system with very powerful laser and a high-

resolution camera with exemplary low light sensitivity characteristics, the maximum achievable 

frame rate with this system was only 15 fps. The compression phase of the RCM takes place in 

approximately 17 ms and the period of interest extended a further 20 – 50 ms after compression. 

While perfectly capable of capturing the short inter-frame period as dictated by the expected 

velocities between image pairs, the minimal 60 ms gap between sets of image pairs, and the inability 

of the system to be synchronised to the RCM firing sequence, meant that an in situ time series during 

the compression phase was not possible. Purchase or rental of high-speed PIV equipment was 

deemed outside of the reach of the current investigation until all the methodologies and hardware 

had been trialled and verified, therefore an in house development of a rudimentary PIV system was 

embarked on. 

The initial in situ studies for chamber validation, and to investigate particle delivery were carried 

out with camera phone (Samsung Galaxy S4) and a low light medium speed monochrome (Andor 

Zyla 4.2) camera. These were done without pulsed laser. The next phase of the development 

included the procurement of a high speed camera solution in order to carry out time resolved PIV 

techniques to quantify the velocity field, providing data directly comparable with CFD simulations 

and ultimately evaluate the efficacy of piston crevice geometry optimisation on roll up vortex 

suppression. For this latter phase, laser pulsing and camera synchronisation needed to be 

investigated. 

Specialised high speed cameras come with large price tags that were not justifiable at this stage 

of development. However high speeds of at least 1000 fps were required to validate the overall 

principle and create a representative timeline of the compression time history. An off the shelf 

consumer camera the Chronos™1.4 from Krontech, which offers a high resolution and frame rate at 

affordable prices was chosen, and kindly donated for the duration of the study. 
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Figure 2-42. Camera selection timeline. 

This camera offers 1280 × 1024 resolution at 1057 fps. Images are recorded on a Micro SD card 

that can then be manually downloaded to PC. At the time of procurement, the laser synchronisation 

had not yet been developed. The inter-frame time requirement between frames was also not 

defined, so the panchromatic rather than the monochrome charged coupled device (CCD) was 
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chosen, to allow the flexibility of using a double pulse of different light frequencies during a single 

frame similar to Adrian 1986 [79]. The camera proved more than capable of recording with inter-

frame times in the tens of micro-second duration, and this consideration proved superfluous. In fact, 

due to the fact that the monochrome CCD would have had significantly greater low light sensitivity, 

this choice was less than advantageous and should be reconsidered for future investigations. The 

camera performed well throughout the course of the investigation, and any shortcomings in the 

output are more the result of lens choice and insufficient illumination. The sequential improvement 

time line is outlined in Figure 2-42, and depicts the results of the early camera phone investigations 

through to the high intensity pulsed diode images. 

2.8 Illumination, optics and pulse synchronisation 

Initial tests were carried out to evaluate the chamber and particle delivery subsystem performance 

without attempting to capture pulsed image pairs, and utilised a simple constant wave laser in the 

form of a builder’s laser level and a camera phone. The level contained optical lenses that generated 

the required planar light fan which is visible as a red line in Figure 2-43. This therefore proved an 

efficient manner to evaluate other aspects of the system. The results gave a preliminary insight into 

aerodynamic behaviour but also underpinned the requirement for high speed camera technology 

and for synchronised pulsed laser illumination as expected. However, since a number of issues still 

needed to be addressed at this early stage of the investigation, it was not justifiable to incur the 

expense of specialised industry available PIV systems. An in-house development was therefore 

embarked on in order to illuminate the particles in a controlled and synchronised manner with the 

camera images. Due to small amount of light scattered back to the CCD, by the seeding particles, 

and also due to the short pulsed illumination time and high speed required for PIV, high intensity 

lighting is required for a study of this nature. Pulsed laser systems are often used PIV applications, 

therefore, the development an in-house pulsed laser illumination methodology was chosen. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

81 | P a g e  
 
 

 

 

Figure 2-43. Rudimentary CW laser and camera phone rig. 

 Laser pulse generation and synchronisation 

The simplest form of laser to control was the laser diode. Since relatively powerful diodes were 

readily available off the shelf it was decided to trial this solution. Since most camera CCDs are most 

sensitive to green wavelengths of light, an Osram PL 520 with a power of 50 mW and an emission 

wavelength of 520nm was procured. This was later replaced with what was thought to be a Nichia 

1000 mW NDG7K75T 525 nm diode purchased online, but no appreciable improvement in intensity 

was observed, which called its provenance into question. Since laser diodes are relatively sensitive 

to operating voltage and current, it was deemed prudent to drive the diodes with a relatively low 

cost ICHaus™ iC-HG iCSY HG8M high speed drive module chip mounted on a HG2D Breakout Board, 

as shown in Figure 2-44.  

Laser diodes are very sensitive to over voltage. They emit laser light once a threshold voltage has 

been reached. After threshold the intensity of light is a function of increasing voltage until maximum 

allowable voltage has been reached, after which time they fail. The voltage can fluctuate with 

temperature. The voltage from the driver board can be adjusted using the potentiometers on the 

breakout board. This is achieved on the bench by replacing the diode with a resistor of known 

magnitude, and viewing the output on an oscilloscope. 
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Figure 2-44. Laser drive and pulse circuit diagram. 

This setting was found to wander over time and between campaigns, and required regular 

confirmation. Therefore, the diode was not soldered directly to the driver chip but rather, inserted 

into a connector shoe that could also accommodate the setting resistor. The threshold and max 

voltages are characteristics of the diode and must be obtained from the manufacturer specification 

sheet. An accurate power supply must be used to ensure steady voltage supply. The laser pulses 

were ultimately controlled by the camera output pulses. An Arduino Uno™ control board was used 

to read in the camera output pulses and then via an Arduino code, to allow for adjustment to the 

laser pulse duration and the laser inter pulse time. An adjustment factor was also included to allow 

the offset time to be adjusted on the bench, based on oscilloscope output. 

All outputs were viewed on screen via the Tie Pie Handy scope, which aided in adjusting the code. 

The code required a fast-read algorithm (DigitalWriteFast.h) to allow for the fast response time 

requirements. This is a freely downloadable addition to the Arduino library available from the 

Arduino community. The Arduino code is presented in Appendix II. 

The two boards and the laser diode were mounted on a repurposed sliding fixture which allowed 

for vertical locational adjustment, Figure 2-45. This fixture securely held all components in position, 

allowed the removal of the full laser assembly as a single unit and allowed for repeatable set-ups 

between experiments. It also allowed for easy replacement and setup of laser diodes. In conjunction 

with the camera frame it allowed multiple degrees of translation, to allow the position and focus of 
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the laser sheet to be finely adjusted. It also acted as stable platform on which to attach laser sheet 

optics. 

 

Figure 2-45. Laser system sub-assembly. 

 Laser Optics Investigation 

In order to generate the thin laser sheet for the 2-D transect of the investigation volume, the light 

emitted from the laser diode must first be collimated to a point. The divergence angle of light is a 

characteristic of laser diodes. An LN-330-A adjustable aspheric collimating lens and holder from 

Thorlabs™ was procured. This served two purposes. Firstly, it held the laser diode firmly in position, 

and shielded it from mechanical and electrostatic damage. Also it allowed the laser output to be 

focused to a small dot of about 0.8 – 1.5 mm in diameter. It also allowed for relatively easy 

attachment to the laser control board by the use of a manufactured Delrin clamping holder, Figure 

2-46, and pre-existing fixing holes on the breakout board. 
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Figure 2-46. Laser collimation assembly. 

The output from the collimating lens was a thin ovoid cross section beam. This was oriented with 

the holder so that the long dimension of the beam was parallel to the plane of interest. A small 

Thorlabs™ (LK139L1-A) cylindrical lens was placed in line with this output beam as close to the 

collimating lens as physically possible. The output was then a thin line which created a sheet in 3D 

space. Because a standard cylindrical lens was used there was an intensity bias in the middle of the 

projected sheet. 

Powell [80] describes an aspheric lens arrangement that can improve this light distribution. Figure 

2-47 illustrates this effect. .As the output from the collimating lens enters the cylindrical lens (right) 

it generates the laser sheet fan the thickness of which is dictated by the diameter of the collimated 

beam. However much of the light ray traces are not significantly refracted, therefore much of them 

are concentrated toward the centre of the output fan. The Powell lens shown (left) performs a 

similar function over the rounded region. However, since this region is smaller than the incident 

beam diameter some of the latter strike the lens on the flat region where it is refracted towards the 

outer extents of the fan on the other side.  

 

 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

EXPERIMENTAL METHODS 

85 | P a g e  
 
 

 

 

Figure 2-47. Laser optics comparison. 

An investigation into Powell lenses was embarked on to inform future iterations of the laser setup. 

Off-the-shelf solutions were not readily available, therefore a series of Powell lens facsimiles were 

manufactured from Acrylic to confirm understanding of the theory and to attempt to improve light 

intensity distribution. The geometry of the lenses is outlined in Figure 2-47 on the right and informed 

using a spreadsheet kindly generated by Kats Ikeda (2018) (personal comment via 

https://www.pencilofrays.com). Unfortunately, since the acrylic absorbed a significant amount of 

the available light, the investigation was discontinued. Also despite hand polishing with cerium oxide 

paste, surface nonconformities led to aberrations on the laser sheet. The central bias using a 

cylindrical lens is evident on the left (a) in Figure 2-48. The lenses manufactured are presented on 

the right (b). Unfortunately, no image was taken at the time when comparing the output of the two 

lens types, but the reduction in overall light intensity was easily apparent when in situ trials were 

carried out. This promising solution to light distribution warrants further investigation in future 

investigations, but bespoke manufacture of the lens will be required. 

 

https://www.pencilofrays.com/
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         a                     b       

Figure 2-48. Powell lens investigation. 

2.9 Telemetry and DAQ 

In order to successfully synchronise the camera output pulses and laser illumination pulses during 

set-up, and also to designate τ0 for image post processing, all the available output signals needed to 

be recorded. Therefore a data acquisition system (DAQ) was developed. 

A five channel HS5 DIFF Tie Pie Handyscope™ was used to connect the various components and read 

out real time data to a PC. Figure 2-49 shows a schematic diagram of the DAQ. Splitter connectors 

were used to split the camera pulsed output to the camera and Arduino board. Laser pulse signals 

were extracted directly from the Arduino board using oscilloscope probe hooks. These were used in 

real time output to assess adjustment of the laser timing in the Arduino code, and then used in 

triggered mode to record the laser pulses, the camera pulses and the linear transducer outputs. 

Camera pulse and laser pulse recordings were used in post processing to determine the time line 

and the definition of τ0 on the image frame time line. 
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Figure 2-49. DAQ for the PIV system.  

Time zero (τ0) was designated in post processing by aligning the laser pulse pair most closely 

associated with the EOC linear transducer signal. Similar to the use of a clapper board in 

cinematography in order to synchronise audio with video media, time zero was ascertained in post 

processing based on a short duration repeatable event. The frame rate of the images was set up at 

the camera prior to recording, and the control pulse from the camera was also recorded. This 

allowed the displacement sensors and the camera/laser pulses to be synchronised, but not which 

image related to each pulse. However, by interrogating the displacement traces it was possible to 

determine which image pulse occurred at the end of stroke, and then relate that with the first image 

where the piston appeared on screen. Figure 2-50 shows representative data showing the various 

parameters recorded. This was defined as τ0 and images were then numbered with decreasing minus 

values of time prior to that image and increasing positive numbers in time after that image. Since 

the interval between the laser pulses was also recorded, it was also possible to work out the duration 

of the time interval between the image pairs (Δτ) required for the PIVlab calibration. 
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Figure 2-50. PIV system DAQ. 

2.10 Camera frame and holder 

Camera orientation was chosen to be vertically down, to reduce the effects of gravity on the seeding 

particles, and the laser sheet was oriented horizontally as per laboratory best practice. A mechanical 

frame was fabricated from Item 24 extruded aluminium and manufactured endplates, Figure 2-51. 

This served the purpose of facilitating bench trials of the camera and laser arrangement. It also 

provided a solid base with which to attach a camera manipulator and adjust laser position. The 

camera was attached to a 2-axis manipulator which allowed fine and repeatable vertical and lateral 

adjustment. The laser manipulator allowed fine adjustment of the laser sheet in the vertical axis as 

discussed above, and rough adjustment in terms of horizontal adjustment in 2 axes based on its 

bolted position on the frame. It was originally envisaged that camera setup and focus could be 

adjusted external to the RCM, but this proved too sensitive to position and was ruled out. This frame 

provided a convenient means of transporting and storing the assembled rig, allowed bench test 

setup, and also provided a stable and repeatable platform for repositioning camera and lasers 

between experiments. 
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Figure 2-51. Camera frame. 
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2.11 Image post processing 

  

Figure 2-52. Image processing workflow. 

Figure 2-52 presents a flowchart of the image post processing procedure. Media files from the 

Chronos Camera are saved as .mp4 video files. In order to analyse these images in PIVlab, a number 

of post processing procedures needed to be carried out. PIVlab works best with high quality, 

monochrome images, and of course the minimum requirement in order to carry out a PIV analysis 

is a single image pair. Therefore the video files need to be converted into single frame images. Also, 
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since the Field of View FOV was a compromise between the lens focal distance, the size of the 

chamber aperture, the distance the lens front to the subject, and the available resolution some of 

the exposed frame was less useful and was cropped away. 

Firstly, the video clips need to be converted to monochrome images. Had the Chronos 

monochrome camera been used this step would not be required. However, at the time of choosing 

the camera it was unsure whether its inter-frame time was short enough to suit the high temporal 

resolution requirements, and the idea of a backup plan of firing two different wavelength lasers 

during a single frame rather than trying to bridge the inter-frame period was deemed prudent. With 

this method, the different wavelengths of a single frame could have been alternately filtered in post 

processing and converted to monochrome to create the required image pair. This turned out to be 

an erroneous decision as the Chronos inter-frame time proved more than small enough to allow 

short period inter-frame bridging, and the higher low light sensitivity of the monochrome CCD would 

have been advantageous to the current study. Using the colour CCD however did produce useable 

results once the post processing procedure was carried out. This was carried out using DaVinci 

Resolve 15.0, which is movie quality image post processing software used in the industry that is free 

to download, and has a significant online presence for examples and tutorials. 

 Import media and resolution setting 

Upon import the project settings or the clip frame rate must be adjusted to match. Resolve is unable 

to recognize high frame rates such as 1000 fps, so the time stamp was taken from the frame rate 

outside of image post processing. As long as the export frame rate matches the project frame rate 

every frame will be captured. A time stamp of 60 fps was used within Resolve for convenience. The 

time zero was taken as the first image where the piston faces appear in the image and could be 

matched to the linear transducer traces and the camera/laser pulse data. Frame rate was recorded 

at the time of data capture and can be confirmed using the camera pulses recorded from the DAQ. 

It was a simple matter to count off the frames from the EOC to define the time stamp for each frame. 

Once the media has been imported into Resolve, and the clip moved down to the timeline, the 

resolution of the output can be adjusted so the area of interest fills the capture screen. This can be 

done under “File > Project settings”, and the image resolution adjusted until the desired effect is 

achieved. 
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a)    

b)   

Figure 2-53. Image cropping result with (a) un-cropped and (b) cropped. 

The preceding images presented in Figure 2-53 show the result of this for earlier images where the 

lens choice had not been optimised. A number of few different lenses were trialled. A Civitar™ CCTV 

lens used in conjunction with a spacer ring, gave the best match in terms of focus and aspect ratio. 

The spacer ring was required to increase the magnification allowing the lens to be placed closer to 

the plane of interest but introduced barrel distortion that needed to be addressed in post 

processing. 

Since the camera recorded a significant amount of data pre and post compression due to the 

high frame rates, the clip for each run was then cut to the image sequence of interest to remove the 

unnecessary images. All of the videos were stored in a dedicated database with the naming scheme 

applied. Each clip was saved as a separate project so that they could be revisited for further 

processing after the initial run. The video clip was first imported into Resolve and then the clip 

dragged into the timeline. 
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Figure 2-54. Timeline reduction. 

The clip can then be previewed using the red timeline slider or the play and reverse buttons. Single 

frame jog can be achieved using the left and right keyboard arrows. Time zero was chosen as the 

first frame in which the piston faces come into view. 30 frames either side of this event were deemed 

enough to capture the period of interest. In the above example, the frame rate of the camera was 

500 fps. Therefore, the period of each frame was 2 ms. In this case 60 ms pre- and post- compression 

were retained. It is worth noting that the raw data was stored separately and that the use of nodes 

which are similar to layers in other image processing software allow the reversal of any colour 

correction or image manipulation even within the Resolve Project. The clips were trimmed to length 

using the blade function. The process is outlined in Figure 2-54. 

 Colour correction, contrast and sharpening 

Due to the low light conditions and the difficulties with focus, Resolve was used to manipulate 

highlight, contrast and image sharpen. Small modifications can significantly improve an image, but 

care must be taken, since the software can also affect the signal to noise ratio if too much correction 

is applied. Colour correction occurs in the colour tab which is represented by a central dot using 

eight radially positioned dots. It is important to select the node view (upper right-hand corner of the 

screen) and add a serial node to the workflow. When this is highlighted, all corrections occur to that 

node only and leave the original raw video intact. Images were graded according to whether they 

were for printing (in which case they retained their original colour, with corrections to contrast and 
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sharpness), or for PIV (in which they were subsequently turned to monochrome 8 bit as specified by 

PIVlab). 

Figure 2-55. Image correction and grayscale. 

Each run was set up in Resolve as a separate project, and once colour correction and monochrome 

nodes had been set up, they could be toggled on and off as required. Figure 2-55 shows some of the 

representative outputs for the different image corrections carried out. It is worth noting that once 

a correction was deemed satisfactory it could be held as a master correction filter, and applied to 

each subsequent clip even in different projects. It is also worth noting that some of the 

manipulations shown in this text are exaggerated for printing purposes, since with the minimum of 

colour correction applied in order to make the images visible to PIVlab, was insufficient to make 

them visible for printed media. 

 Printed output 

Greyscale images appeared washed out and dull when printed, so it was decided to retain the green 

colour for publishing purposes. Once a project was set-up it was a small matter to render either the 

coloured output or the greyscale for PIV, by activating or disabling the relevant node in Davinci 

Resolve. Since the output format was set to the custom image resolution in the Project settings, it 

remained merely to select the location of save, add the run name with the suffix colour/mono, select 

the output type as TIFF, and then render. 
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 Image calibration and distortion correction 

Due to the curvature of the internal bore and the thickness of the light path the scattered light must 

travel through, vertical distortion lateral to the centreline was inevitable. This was improved 

somewhat by reducing the lens thickness in the Mk-VI chamber arrangement but was further 

compounded by the lens utilised in this investigation. It was a short focal length CCTV camera lens 

that gave the best fit and aspect ratio match to the required exposure, but due to the fact that a 

spacer ring was required in order for it to focus on the plane of interest its own inherent barrel 

distortion was compounded. This was anticipated and a calibration target was machined in advance. 

An image was taken of the calibration target, and then the images superimposed. Figure 2-56 shows 

the process of aligning the calibration image with the image using observable references in the 

image, such as the piston faces or the cylinder walls. 

   

Figure 2-56. Superimposed image sizing. 

A series of reference points were then measured from the calibration photograph and a matrix set 

up to match these positions in x and y coordinates with the actual dimensions of the machined 

target. These were then run through a Matlab transform operation as per Guibert [50] and Park et 

al. [81]. The operation is depicted in Figure 2-57 and numerically stretched the images so that they 

conformed to an undistorted image with measurable dimensions. This was a crucial step in order to 

determine actual velocity magnitudes using the PIVlab software. 

 

 

 

Figure 2-57. Barrel and compression distortion adjustment. 
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2.12 Results processing in PIVlab 

PIVlab was used to process the image data in terms of velocity direction and magnitude. This open 

source software was developed by Thielicke [82] as part of a PhD thesis and later developed and 

explained in a later work Thielicke and Stamhuis (2014) [54]. An international community exists with 

tutorials and advice for a, which are sources of valuable advice. The smooth algorithm used in this 

investigation was developed by Garcia (2011) [83]. Since PIVlab resides within the Matlab 

environment it is a folder-based application. Analyses can be run on a full timeline of image pairs. 

However, due to locational differences between image pairs caused by mechanical vibration, each 

image pair was analysed discretely from its own numbered folder. There follows a brief outline of 

the steps taken during the course of this investigation, numbered as per the tabs used within the 

software environment. 

 Image Settings 

With the images imported, the area of interest can be selected, under the Image settings tab. The 

area of interest was chosen to exclude regions the outer extents of the where no particles were 

visible. This was aided by the fact that the alignment dot matrix from the undistort process were 

retained for this operation. Image pre-processing can also be applied at this stage but were not used 

in the current investigation. The toggle button provides a useful feature as it allows the manual 

toggling of the image pair to offer some direct observation of the potential flow field prior to analysis. 

 Analysis 

The analysis algorithm and the interrogation area size can now be defined. When using FFT window 

deformation, the size of subsequent passes can also be defined. An interrogation area of 64 to 32 

and 32 and 16 were found to produce the best results throughout the course of this investigation. 

Once the settings have been applied the analysis can be initiated. Since only a single image pair was 

analysed per iteration Analyse current frame was selected. 

 Calibration 

The output of the initial run inevitably showed considerable erroneous vectors. These will be 

discussed in more detail in the subsequent section on error estimation. There is no requirement to 

follow the tabs in PIVlab sequentially, however will be adhered to in this description for convenience. 

In the calibration tab, a known distance can be applied to a drawn line by selecting the reference 

distance. The clearest distance visible in the image was the bore diameter of 38.1mm. The time step 
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is also applied at this stage and can be gleaned from the laser output signal recorded from the DAQ. 

This was usually in the region of 0.2ms at 1000 fps. 

 Post-Processing 

The post-processing step provides the opportunity to automatically remove some of the larger 

erroneous vectors, caused by lack of tracer illumination and localised dispersity of particle density. 

A scatter plot provides the velocity distribution along the u and v directions as shown in Figure 2-58. 

The centrally clumped data points show the general trend and those that are widely distributed from 

this general trend are discounted from the analysis. 

This process can be refined iteratively so as to minimise the amount of data points excluded. At this 

stage various filters can also be applied to refine the results. It is also possible to manually remove 

vectors that are clearly erroneous but not excluded through velocity limits. Missing data can also be 

interpolated at this stage to give insight into area where no particles are visible. Obviously, care must 

be taken when applying these validations, to more closely approach accuracy. 

 

Figure 2-58. PIVlab velocity limits refinement. 
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 Plot 

At this point the various display parameters can be selected and plotted. A commonly used and 

valuable function to improve data output is the smooth function. This is described in detail and the 

validation for its use in [54]. At this stage the various parameters such as the vector plot and colour 

charts of velocity magnitude can also be exported as Matlab files for subsequent external analysis. 

The plot tab also allows the modification of the plot appearance, the addition of streamlines and the 

addition of onscreen markers. Figure 2-59 shows the results of the post processing operation for a 

single image pair, with the initial output on the left (a) and the resultant on the right (b). The orange 

vectors on the right denote the interpolated vectors. Other tabs for extractions, statistics and 

synthetic particle image generation were not used in this investigation. 

 a      b  

Figure 2-59. PIVlab output. 

2.13 Results processing Matlab  

While results can be directly investigated within the PIVlab environment, the fact that this software 

resides within Matlab streamlines the ability to adjust the output for presentation directly in Matlab. 

The results of each process, such as the vector plots, and velocity magnitude distribution can be 

exported as Matlab.m files. These produce matrices based on the velocity and magnitude for each 

interrogation area and can be subsequently interrogated directly. The Matlab codes used in this 

investigation are presented in Appendix II. 

2.14 Error estimation 

As with any experimental study the accuracy and precision of the results are subject to the systemic 

and random factors that influence the overall uncertainty of measurement. Numerous texts on the 

subject of systematic and random error in PIV analyses exist. [71, 84-87]. Ryerson and Schwenk [70] 
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for example, estimate PIV error from industry available systems to reside in the realm of 5%. 

However, these all rely heavily on the fact that the tracer particles closely adhere to the fluid flow 

under investigation. Also, erroneous vectors in the velocity flow field are usually the result of 

imperfections in the input images. These can be caused by local variations in the seeding density, 

illumination issues and strong out of plane flow as outlined in Stamhuis (2006) [88]. As previously 

outlined, the systemic limitations of the system used in this investigation increase the estimated 

error significantly for any quantitative analysis. Due to the fact that mono-dispersity of the particle 

cloud is questionable, and the fact that the lighting/camera system were unable to capture useable 

images for the smaller, more suitable particles, inertial effects lead to particle free voids, generated 

where conditions were most challenging, namely at the end of the compression stroke. While 

conditions in terms of the particle to gas density ratio improve somewhat during compression, the 

velocities imparted on the particles brought them outside of the Stokes region threshold, where they 

could faithfully adhere to the underlying flow. The sudden drop in velocity discernible soon after the 

end of stroke was more conducive to tracer fidelity, however the void spaces were persistent and 

precluded investigation of the aerodynamics directly in front of the piston face. Direct comparisons 

of U-directional transects were possible once the overall velocity magnitude dropped, because these 

regions where located 9 mm from the piston face and were populated with sufficient particles under 

all observed conditions. The velocity magnitude and direction are defined within the PIVlab 

environment by the input of a single calibration line of known distance. This then applies a distance 

per pixel calibration to the full image field. Non-linearity in the output from the un-distortion 

process, can therefore lead to discrepancies in the distance estimation over the full velocity field. 

The time interval can be directly measured for each image pair due to the laser pulse output signal 

captured during the experiment. While the resolution of the event timing in terms of when the image 

pair occurred was dictated by the frame rate (2ms) the inter-pulse time was an order of magnitude 

smaller (circa 0.2 ms) and therefore had less influence on the individual image pair velocity 

uncertainty. The inherent uncertainty in the overall velocity measurements suggest that the 

presented results can only be deemed as “quasi-quantitative”. 

From a qualitative perspective, since the systematic bias was directly comparable between the 

creviced and the non-creviced geometries, these void spaces allowed for direct visual comparison 

of particle behaviour and provide compelling evidence of the efficacy of creviced pistons to suppress 

corner vortices. There follows a brief tabulation of the potential contributors to the overall 

investigation error estimation of the velocity field. They are ranked according to their estimated 

impact and colour coded from most severe (red) to least severe (yellow). The proposed remedies 
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are also presented. This table is motivated less by the desire to present a precise or accurate error 

band for the results presented, and more to highlight an efficient path for future improvement. 

 

Table 2-2. Relative error contribution and future remedies. 

 

  

Contributor Remarks Remedy Impact

Tracer Fidelity
Particle Diameter too large to adhere to flow, under 

high velocity conditions at the end of stroke 

Use of graded and aerated cornstarch, 

or revert to oil droplets.  Will require 

improvements in lens and optical 

clarity

Tracer 

Monodispersity

The range of particle sizes lead to differential inertial 

response between large and small particles, with the 

former travelling futher at the end of compression and 

the latter not visible to the camer syatem

Use of graded and aerated cornstarch, 

or revert to oil droplets.  Will require 

improvements in lens and optical 

clarity

Image Distortion

Due to available lens selection to optimise focal 

distance and image/CCD aspect ratio, significant barrel 

distortion was introduced.  This was not fully remedied 

with undistortion post processing 

Improve lens selection and FOV so that 

only vertical distortion must be dealt 

with in image post processing

Illumination 

Distribution and 

intensity

Erroneaous vectors created due to reduced illumination 

intensity at the lateral extents of the images 

Increased laser intensity and the 

adoption of Powell lens laser sheet and 

parallel beam optics

Time (To) 

estimation

Frame rate was defined as 1 kHz, but 2 frames were 

required per image pair.  This meant that (To) 

resolution was +/- 2ms.  Image pair resolutions of 

0.17ms +/-0.02ms were measured. 

This had little effect on the velocity 

field estimation since image pairs were 

easily discernible.  Could potentially be 

reduced by increased camera frame 

rate 

Piston 

Synchronisation
Piston timing was found to be within +/- 0.25ms

RCM Plunger static and dynamic friction 

and masses needs to be re-balanced 

Mechanical 

Vibration

This meant that each individual image pair needed to 

be analysed seperately. However since the frequency 

of vibration was at least an order of magnitude slower 

than the image capture frequency this played a small 

role in the velocity field analysis for useable image 

pairs. This did however have implications for the 

matching of the calibration image for undistortion . 

The machnical clamps holding the 

chamber assembly need to be 

redesigned in order to allow them to 

be tightened once the focus operation 

has been completed each run
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2.15 Chapter summary 

This chapter outlines the many and varied processes and developments that were required to 

achieve useable comparative results of in chamber aerodynamics of the compressing gases. The dual 

opposed piston RCM does not physically lend itself to optical access. The requirement to access the 

investigation volume through the side of the chamber brings consequences of image distortion, and 

internal reflections. Single sided machines can access a radial cross section of the bore by axially 

accessing via an optical endplate. Rather than incurring the cost of bespoke and complex glass 

geometries, a simple off the shelf, borosilicate precision bore tube was employed as the access 

material. To address the contrasting design constraints of thin walls to reduce laser reflections and 

heavy walls to withstand the compressed pressures in the test volume, a stainless steel support 

chamber was designed and manufactured, which also required the development of a novel post 

gluing machining operation to account for concentricity issues with the glass tube. Although 

restricting compressed pressures to max 15 bar operating pressure, it was felt that since vorticity is 

more prevalent in low pressure regimes this would be a valid compromise to make. The high cost of 

exclusive and proprietary PIV systems was not justifiable without first assessing system performance, 

in terms of optical access, particle delivery and particle behaviour. However, PIV was required in 

order to verify this performance. This conundrum was dealt with by a low-cost in-house design of 

pulsed and synchronised laser diode illumination. 

The phased, iterative approach adopted in this investigation achieved the goal of validating each 

step of the proposed methodology for future investigations. As shall be seen in the following section, 

it also provided useful insight in its own right. It is hoped that the procedures outlined here shall 

prove useful to other investigations of this sort and may make preliminary PIV more accessible to 

other investigations further afield. 
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Chapter 3. Results  

3.1 Chapter overview 

While the May 2018 investigation provided valuable information, this section will, with one 

exception, focus on the data from January 2019. The new improved chamber provided a larger field 

of view and therefore better image resolution. Image vertical compression was also reduced through 

index matching and the reduction in thickness of the optical media. Also, the addition of a focusing 

method, and the slight improvements introduced through the addition of a purportedly more 

powerful laser diode, and the refractive index matching of the glass tube, optical transport medium 

and the top glass improved image clarity. Moreover, since the same mechanical difficulties were not 

encountered, more of the allotted test period was dedicated to data gathering rather than set up 

and modifications. While overall particle distribution was not ideal for PIV analyses the negative 

space produced through particle separation made visual comparisons more feasible. The chapter 

will initially outline this qualitative assessment of the images, which show the significant and 

repeatable improvements that the introduction of creviced pistons had on vortex suppression. 

Methods for estimating the systematic and random error will be outlined. Results from PIV analyses 

from selected image sets will then provide a quantitative assessment of compressing gas behaviour 

and verify the usefulness of the developed system and test methodology. The results will be 

compared in a quasi-quantitative manner, with Reynolds Averaged Navier Stokes (RANS) CFD, 

carried out with the same RCM under investigation. The results of a Root Mean Square (RMS) 

analysis will be presented to provide a basis for quantitative comparison, between non-creviced and 

creviced pistons, and between an LES simulation of creviced piston aerodynamics. Finally, an 

investigation into the piston motion in the context of stagnation plane offset will be described. 

3.2 Qualitative results 

 Qualitative analysis of creviced and non-creviced pistons 

The following pages show the useable results from the January 2019 investigation. Gaps in the data 

set were due to misfires, usually through the omission of one of the required steps. These images 

are the raw images taken from the image post processing stage, without greyscale filter and without 

the image un-distortion correction performed. The naming scheme includes the date, the run 

number, the piston geometry, the frame rate, the prefill pressure and the diluent. 

Figure 3-1 and Figure 3-2 show extracts from the timeline from time 0 – 30 ms for non-creviced 

pistons and creviced pistons respectively. Each set of images shows a time history for a specific 
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condition. Camera vibration at repeatable and regular intervals discounted some of the frames from 

the investigation. Time zero (τ0) is chosen as the first image pair where the pistons appear and marks 

the end of the compression stroke. Particles were introduced from the right, which may explain the 

bias in the images from the left side. This bias will also be investigated in more depth in the section 

on piston timing investigation. In each run of Figure 3-1, the jet of gas, largely devoid of particles, is 

clearly visible. In the second row of images vortices are discernible in the top right corner for the 

first two images but are quickly engulfed by the vortices entering from the left. The initial plane of 

symmetry is destroyed within the first 8ms in all three rows. Overall, from a qualitative standpoint 

the images show a very dynamic system but most of the distinct aero-dynamic features are no longer 

visible by 30 ms. In the creviced pistons a plane of symmetry appears and remains largely intact for 

the duration of the presented results. The final row shows the only available time series with argon 

(Ar) as diluent.  

 

Figure 3-1. Non-creviced piston geometry MkIV-0. 

Chronos_13_01_19_002_01_MkIV0_1000fps_800mb_N2

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms

Chronos_13_01_19_002_02_MkIV0_1000fps_800mb_N2

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms

Chronos_13_01_19_002_05_MkIV0_1000fps_800mb_Ar

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms
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Figure 3-2. Creviced piston geometry MkIV-3. 

Chronos_13_01_19_001_01_MkIV3_1000fps_800mb_N2_colour

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms

Chronos_13_01_19_001_03_MkIV3_1000fps_800mb_N2_colour

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms

Chronos_13_01_19_001_04_MkIV3_1000fps_1000mb_N2_colour

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms

Chronos_13_01_19_001_05_MkIV3_1000fps_800mb_Ar

0 ms 2 ms 8 ms 16 ms 22 ms 30 ms
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The second set of images in Figure 3-2, shows the results for four runs recorded using creviced 

pistons (MkIV-3). The time stamp is similarly determined. Here again the void spaces are created 

due to particle stopping time in the first time period. A distinct plane of symmetry forms and features 

apparent in the first few milliseconds are observable and persistent for at least the first 30 ms. The 

fourth row again shows the only experiment successfully carried out using argon as the diluent. 

 Comparison and interpretation of qualitative results 

It is readily apparent by comparing the two sets of images, that the addition of crevices has a 

significant effect on vortex suppression in particular and on the overall particle behaviour in general. 

While a plane of symmetry is seen to emerge in the first millisecond or two of the presented non-

creviced timelines, this is rapidly destroyed by the emerging vortices and the associated axial jet. In 

contrast the images from the creviced pistons show persistent vertical striations and the presence 

of a distinct plane of symmetry. While there is some evidence of the emergence of aero-dynamic 

features, the vigour and intensity of movement is drastically reduced. Features that do develop 

remain recognisable throughout the full 30 ms time period suggesting very little overall flow. It can 

also be observed that there doesn’t appear to be any considerable qualitative difference between 

results with the two viable argon data sets and their nitrogen counterparts. Since argon is a denser 

medium it was expected that argon would transport the particles more efficiently and that the 

vortices would have been more pronounced. This was not observed; however more extensive trials 

would need to be carried out to verify this finding. 

While two examples of argon as a diluent are presented in the qualitative results section, the 

manifold pressure gauge failed to register the pressure of argon. The argon investigations were 

discontinued due to time constraints. 

3.3 Quantitative analysis 

 PIV Analyses 

For a number of the captured time series, particle clarity was sufficient for PIVlab to successfully 

analyse particle motion. The region of interest needed to be sized so that it incorporated the full 

observation area, but masking was employed in some instances to hide regions where particle 

distribution was insufficient to allow meaningful analysis. The following figures depict time series of 

images including pre-compression, end-of-compression and those for a period of time post-

compression for one iteration of the non-creviced pistons (MkIV0). In each example the PIV output 

is shown as an image with one of the two image pair required for cross correlation, on the top left 

(a). Superimposed on this are the green arrows which represent the vector field generated in PIVlab. 
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Any orange arrows visible are interpolated data points and suggest a lack of particles in that 

interrogation area, brought about by light intensity bias and lack of particle tracking in higher velocity 

conditions. The same vector field is shown as generated externally in Matlab for clarity on the upper 

right (b. The colour map showing velocity magnitude distribution is shown underneath (c). The 

colour bar on the right-hand side of the velocity magnitude chart shows the ranges of velocity 

magnitudes. Spurious vectors tend to skew the results somewhat but the general trend in each 

image is discernible. Image marker points and the central axes, artefacts from the image calibration 

process have been retained to allow distance referencing. 

These images present the time history of a single representative experiment with non-creviced 

pistons, from the initiation of motion (at τ = –14 ms) to +24 ms post compression. This time series 

clearly shows the symmetry plane during the compression phase, the initiation of vortex formation 

and the resultant energetic velocity field leading to the transport of boundary gases to the central 

volume. A more complete compendium of analysed results can be viewed in Appendix III. 

In Figure 3-3 particle motion is initiated from the left hand side with initial velocity magnitudes 

not exceeding 0.6 m s–1. At this low Reynolds number condition, tracking fidelity can not solely 

account for the lack of particle visibility as seen by the orange interpolated data points, and suggests 

light scattering bias towards the centre of the image. Figure 3-4 shows higher particle motion from 

right to left compared to that observed in Figure 3-3. A plane of symmetry has developed but is 

offset by about 4 mm to the left. Maximum velocity magnitude is around 3.5 m s–1. In Figure 3-5 the 

plane of symmetry is still shifted to the left. This is the maximum velocity magnitude recorded for 

this run at 7 m s–1. Figure 3-6 shows particle motion immediately after compression. Two bulbous 

void spaces in a) represent the fast moving jets of gas devoid of particles that are injected into the 

core region. The flow field shows the expected vortex induced rotations, but the high magnitude 

axial velocities predicted were not visible due to lack of particles. The area where no particles were 

present have been omitted from the analysis using a masking technique, to reduce the amount of 

spurious, interpolated vectors. In Figure 3-7 two distinct vortices are apparent in the PIV output 

image a) and also suggested in the vector field b). Velocity magnitudes have dropped considerably 

but localised areas still exceed 1 m s–1. The initial jet has collapsed, and particles that were in the 

core have completely surrounded the two vortices. Unfortunately lack of visible particles at the 

piston faces preclude detailed observation of these areas of interest. The two vortices depicted in 

Figure 3-8 persist but velocity magnitudes have dropped. A jet of downward moving particles in c) 

still retain 2 m s–1 velocity, but most of the area has dropped to closer to 1 m s–1. Since the downward 

jet also contains interpolated vectors this may be overestimating peak velocity magnitude. Figure 3-

9 shows that at +24 ms the velocity magnitudes have dropped to below 1 m s–1 even in the downward 
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jet shown as orange in image c). The average velocities of 0.4 m s–1 prevail. All visible evidence of the 

two vortices is gone but some residual swirling can be surmised from the vector field b). 

 

 

Figure 3-3. Non-creviced piston geometry MkIV-0 at τ= –14 ms.  

 

Chronos-002-02-001 (-14 ms) Vectors

a) b)

c)
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Figure 3-4. Non-creviced piston geometry MkIV-0 at τ= –6 ms. 

 

 

Chronos-002-02-002 (-6 ms) Vectors

a) b)

c)
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Figure 3-5. Non-creviced piston geometry MkIV-0 at τ = –2 ms. 

 

 

Chronos-002-02-003 (-2 ms) Vectors

a) b)
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Figure 3-6. Non-creviced piston geometry MkIV-0 at τ= +2 ms. 

 

 

Chronos-002-02-004 (+2 ms) Vectors

a) b)

c)
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Figure 3-7. Non-creviced piston geometry MkIV-0 at τ= +8 ms. 

 

 

Chronos-002-02-005 (+8 ms) Vectors

a) b)
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Figure 3-8. Non-creviced piston geometry MkIV-0 at τ = +10 ms. 

 

 

Chronos-002-02-006 (+10 ms) Vectors

a) b)
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Figure 3-9. Non-creviced piston geometry MkIV-0 at τ= +24 ms. 

 

 Comparison with CFD 

An underpinning goal of this investigation was to provide a tool to verify the simulated results of in-

chamber aero-dynamics. As outlined in the introduction, two seminal works, both based on the 

Chronos-002-02-009 (+24 ms) Vectors

a) b)

c)
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efficacy of creviced pistons in corner vortex suppression were carried out in NUI Galway. Both of 

these studies analysed the aerodynamics in the dual opposed piston RCM, under similar enough 

conditions to provide a basis for comparison. While sufficient data were not available from the 

current investigation to provide full and fair comparison with these studies, similar trends show 

more than superficial resemblance. The random error introduced through piston compression would 

require a statistical investigation, with a far wider scope to provide a more quantitative correlation, 

but the results outlined below confirm the ability of this prototype to carry out such comparisons in 

future. 

3.3.2.1 Comparison with RANS CFD study 

Figure 3-10 to Figure 1-12 show experimental results from this investigation are compared with the 

three similar time periods presented in the RANS numerical investigation by Würmel and Simmie [8] 

under similar conditions. While the contribution of random error dictates that individual 

experimental results cannot hope to achieve the symmetry presented in a RANS analysis, the flow 

vector directionality is apparent; at least where sufficient particles are available to interrogate. 

Velocity magnitude is underestimated (40%) in Figure 3-10. This could be explained since the τ = 0 

definition relies on a time resolution of 2 ms when seeing the piston enter the frame. Comparison 

with the time step immediately preceding this (τ = –2 ms prior to EOC as previously presented in 

Figure 3-5) show maximum velocity magnitudes more similar to the CFD results, however the pistons 

had not yet reached the EOC in this image pair. By the time step at τ = +10 ms in Figure 3-12 

maximum velocity magnitudes of up to 2.2 m s–1 (85% agreement) were recorded.  The aspect ratios 

of the experimental data have been modified to provide a more meaningful visual comparison with 

the simulated data.  
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Figure 3-10. Experimental and CFD comparison (stage 1). (a) Original vector field at τ = +2 ms.  

(b) Velocity magnitude at τ = +2 ms. (c) RANS CFD at τ = 0 ms from [8]. 

In this comparison similar aerodynamic structures are clearly discernable. Some semblance of 

symmetry can be observed in the PIV output (a). Unfortunately, while the axial jets can be inferred 

from the particle free voids, the lack of particels that make them visible made quantitative analysis 

problematic. Peak velocity is under-estimated by the PIV analysis in the region of a factor of three. 

Chronos-002-02-004 (+2 ms) Velocity Field

a) b)

c)



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

RESULTS 

116 | P a g e  
 
 

 

 
Figure 3-11. Experimental and CFD comparison (stage 2). (a) Original vector field at τ = +8 ms. (b) 

Velocity magnitude at τ = +8 ms. (C) RANS CFD at τ = +5.2 ms from [8]. 

In this comparison the plane of symmetry has shifted to the right in the experimental results. Two 

cells of counter rotating vortices can be seen in the upper half of the PIV vector field (a). A jet of 

faster moving particles can be seen in the upper half of the velocity magnitude colour chart (b) but 

its symmetrical counterpart is not visible. Max velocity magnitudes from the PIV are within 56% of 

the numerically estimated values. The time stamp differs by 1.2 ms. 

Chronos-002-02-005 (+8 ms) Velocity Field

a) b)

c)
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Figure 3-12. Experimental and CFD comparison (stage 3). (a) Original vector field at τ = +10 ms. (b) 

Velocity magnitude at τ = +10 ms. (C) RANS CFD at τ = +10 ms from [8]. 

Here all bilateral symmetry has been engulfed. Axial symmetry is still apparent with the two counter-

rotating vortices. Radial jets of particles with a velocity magnitude of 2.2 m s–1 compare well with the 

symmetry plane jets in the CFD analysis (~85% agreement). 

3.3.2.2 LES Comparison with PIV Radial Transect 

Similarities are evident from the output of the PIV analyses with the RANS CFD. At least superficial 

agreement in terms of flow direction, and agreement in terms of velocity magnitude within 85% 

Chronos-002-02-006 (+10 ms) Velocity Field

a) b)

c)
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agreement were observable by τ = +10 ms post EOC. As the name suggests this latter type of analysis 

is made up of the averages of numerous iterations, which explains the symmetry visible in the 

results. It provides a powerful tool for estimating maximum and minimum values and their locations. 

This symmetry, as expected, was less visible in single experimental iterations. In order to compare 

the different experiments with each other on a single time line, an RMS investigation of u-direction 

velocity magnitude was undertaken. The positive u-direction was the direction of travel of the left 

hand piston. A plane of interest was analysed in order to create a radial interogation transect in the 

y direction. This was chosen because all iterations had visible particles in this region, and it 

approximately lines up with the plane B of the LES simulations which is located 9.2 mm from the left 

piston face [13]. This transect was located approximately 8 ± 1.0 mm from the left hand piston face. 

Informed by flow field studies such as Schneiders et al.(2017) [89] and Hariharan et el.(2011) [90] 

root mean square (rms) calcualtions were performed on the U directional velocity magnitude along 

the designated transect. Urms can be used as a measure of velocity fluctuations. It provides a 

statistical tool to account for random experimental error and describe oscillatry velocity fields in a 

comparative manner. Where the U rms value trends toward the maximum velocity magnitude, this 

suggests directionality of flow. Where all movement is random and no flow structure is apparent the 

U rms value will tend towards zero. 

In order to account for the relative velocity magnitude contribution of the overall velocity field at 

a point in time, Urms was compared with the mean velocity (Umean) along the transect for the time 

history. The comparison of Urms and Umean values for each point in time along the transect of interest 

gives an overall indication of the divergance from the mean velocity and therefore a measure of 

turbulence intensity. 

In Figure 3-13 – Figure 3-17 the Urms values are plotted alongside the Umean values for a number 

of experimental runs for both non-creviced and creviced pistons. In the final graph, Figure 3-18, the 

same results are plotted for simulated results, using creviced pistons. These were all taken using 

nitrogen as the diluent, at 500 mbar precompressed pressure (calculated). The selection of available 

post compression times from an LES creviced piston simulation only includes the date from +2 ms – 

+20. The time zero (τ0) value was not available and was inferred from the data presented in Yousefian 

(2018) [13]. This latter graph shows the expected trend of asymptotic decay, as driven flow 

transitions to Brownian motion, and good agreement between Urms and Umean. These values for the 

MkIV3 creviced pistons in Figure 3-14 and Figure 3-16, show a similar reponse to the simulated 

values, at least over the first 10 ms. After this time period the downward trend was somewhat 

reversed due to residual flow in both piston configurations. As presented in Figure 3-13, Figure 3-15 

and Figure 3-17, the non-creviced MkIV0 pistons exhibited a wider deviation between Urms and Umean 
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in the first 10 ms, suggestive of higher turbulent strength and velocity fluctuations in the U-direction 

during this time period.  

  

Figure 3-13. Experimental Urms comparison 
with Umean for non-creviced piston. 

Figure 3-14. Experimental Urms comparison 
with Umean for creviced piston. 

  

Figure 3-15. Experimental Urms comparison 
with Umean for non-creviced piston. 

Figure 3-16. Experimental Urms comparison 
with Umean for creviced piston. 

  

Figure 3-17. Experimental Urms comparison 
with Umean for non-creviced piston. 

Figure 3-18. Simulated Urms comparison with 
Umean for creviced piston. 
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3.4 Piston timing investigation 

Initial analyses suggested that there might have been a relationship between piston synchronisation 

and the behaviour of the aerodynamic behaviour of the particles. Historically the piston firing 

sequence was initiated by an electrically controlled solenoid, located some distance away from the 

hydraulic chamber. Typically, piston timing tended to wander by up to 10 ms over time, with inter-

shot repeatability often in the region of 1 – 2 ms. Once the performance was outside the desired 

range, the piston timing was recalibrated using two high Cv needle valves, located close to the 

common hydraulic line junction between each half of the machine. During the course of this 

investigation timing performance and repeatability of the piston was improved by introducing a 

manually operated, large bore globe valve at the tee section between the two halves. Maximum 

deviation of only 5 ms was witnessed over the full course of the investigation presented without any 

adjustment to the needle valves, as testament to this improvement. Particle motion commences at 

around minus 14 ms prior to EOC. Usually particles from one side or the other show coherent 

movement toward the centre line first. The plane of symmetry is then visible at the point where the 

arrows meet suggesting a zone of zero transverse motion, Figure 3-19. This stagnation plane is also 

clearly visible as a dark blue region near the centre of the velocity magnitude colour charts, Figure 

3-20-to Figure 3-23. These figures show the velocity field time history for selected time frames for 

selected experiments in the upper portion of the respective figures. The lower diagram shows the 

piston displacement time history. CH3 and CH4 refers to the left and right displacement transducer 

output signals respectively. The graphs also show the synchronisation output. The time scale on the 

displacement and synchronisation signals is shown relative to the DAQ trigger threshold rather than 

image pair time scale. 

 

Figure 3-19. Formation of plane of symmetry. 
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Figure 3-20. Displacement time history and plane of symmetry response 13_002_01. 

Figure 3-20 shows the displacement transducer output (CH-3 and CH-4) superimposed on the 

camera pulses (black lines) and the laser pulses (green lines). The left hand piston begins to move 

around 2 ms prior to the right hand piston. This can be seen in the particle response at –14 ms. The 

stagnation plane is formed by –6 ms but is shifted to the right. 

  

ms-14 ms-6 ms-2
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Figure 3-21. Displacement time history and plane of symmetry response 13_002_02. 

Figure 3-21 shows that both pistons commence translation at the same time, but the right hand 

piston has a higher velocity and reaches the end stop around 0.5 ms before the left hand piston. The 

stagnation plane is shifted to the left of centre. 

 

 

ms-14 ms-6 ms-2

ms-14 ms-6 ms-2
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Figure 3-22. Displacement time history and plane of symmetry response 13_001_01. 

Figure 3-22 shows that the left hand piston begins its travel about 1 ms prior to the right hand piston. 

Because of the steeper dx/dt curve the right hand piston catches up. Both reach EOC within about 

0.25 ms, and the stagnation plane is central. 
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Figure 3-23. Displacement time history and plane of symmetry response 13_001_03. 

In the final run depicted in Figure 3-23, the left-hand piston begins its travel about 1 ms prior to the 

right hand piston. Because of the steeper dx/dt curve the right-hand piston catches up. Both reach 

EOC within about 0.25 ms, and the stagnation plane is centrally located. The above figures suggest 

that even where there is difference in synchronicity at the start of piston translation the timing of 

the pistons at the end of the compression stroke play a bigger role in stagnation plane location. 

 

  

ms-14 ms-6 ms-2
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3.5 Chapter summary 

In this chapter the results gleaned from experimental data were presented for qualitative analysis. 

The effect that creviced pistons have on in chamber aerodynamics is self-evident. A clear, repeatable 

reduction in end of stroke particle motion can be seen by comparing the raw images from both 

piston types. While particles did not adhere to the flow, especially at the most challenging end of 

stroke (EOC) decelerations, the particle free voids created due to inertial effects allowed for direct 

visual comparison. For all instances of non-creviced geometry as distinctive dual lobed jet of particle 

free gas was observed, which quickly disrupted the plane of symmetry formed during compression. 

Clear evidence of underlying vorticity was apparent from the particle free voids. In the creviced 

geometry instances, overall motion was observably reduced and the plane of symmetry and any 

underlying aerodynamic structures persisted over the 20 ms presented.  

In an effort to provide some quantitative data, and to verify the methodology as a useful tool for 

future parametric studies, the results were analysed using PIVlab software. Where sufficient 

particles were present, the analysis performed well. While under-estimating the velocity peaks 

immediately after EOC was reached, good agreement with RANS CFD results was reached after 8 – 

10 ms. 

Root-mean-squared values and mean velocity comparisons of the u-direction velocity magnitude 

at a plane about 9 mm from the piston face were presented as a measure of turbulent intensity. 

These revealed repeatable trends for MkIV0 non creviced runs and MKIV3 creviced pistons 

respectively. These results were also compared to data from an LES simulation for similar conditions 

with the creviced piston geometry, and similarity with the experimental creviced data was observed 

for the first 10 ms. However, residual flow persisted in the region of 0.5 – 1 m s–1 in the time period 

after 10 ms in both creviced and non-creviced experiments. 

Investigations into the effect of piston triggering synchronicity show that EOC timing plays an 

observable role on the location of the central plane of symmetry. The end of stroke (EOS) arrival 

synchronicity was seen to have a greater influence on this location. 

As such these results show that the current investigation provides a valuable starting point for 

future investigations, and also reveals significant information in its own right. 
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Chapter 4. Conclusions and future work 

4.1 Conclusions 

The importance of and sensitivity to accurate temperature predictions in RCM experiments is crucial 

to the accurate experimental validation of fuel kinetic sub-mechanisms. The influence of facility 

effects such as heat loss is commonly described by adopting the adiabatic core principle which 

assumes that while heat is lost to the walls in a thin boundary layer, gases in the core region 

essentially undergo almost isentropic compression. The empirically derived drop in pressure can be 

conveniently modelled as a volumetric expansion in order to evaluate post compression heat loss. 

The pivotal assumption of this principle centres on the premise that the core gases undergo no mass 

transfer with the boundary region gases, and the adiabatic core remains homogeneous in terms of 

temperature and composition distribution. However, well known aerodynamic phenomena such roll 

up vortices can act to entrain the cooler boundary layer gases and transport them to the core region. 

The use of creviced pistons has been widely adopted in the community to suppress these roll up 

vortices and is based largely on numerical analyses, which support their efficacy in this respect. 

Optical studies such as PLIF investigations using toluene and Rayleigh scattering experiments also 

support the use of creviced pistons under certain conditions. This study provides further support of 

this, by directly visualising the behaviour of the gases in the central chamber during and the post 

compression phase. PIV studies have also been carried out in other RCMs, but this study presents a 

first look into the aerodynamic behaviour of the dual opposed piston (DOP) RCM at the C3 facility in 

NUI Galway. Qualitative analyses of the performance of the creviced pistons which are optimised 

numerically to suit the current cylinder geometry, appear to validate the CFD findings, and show the 

repeatable reduction in compressed aerodynamics when directly compared to non-creviced piston 

results. These results also validate the plane of symmetry assumption suggest laminar flow 

throughout the compression phase and a drastic reduction in velocity magnitude immediately after 

compression in comparison with their non-creviced predecessors. Quantitative comparison proved 

more problematic due to high estimated error primarily caused by the non-fidelity of the tracer 

particles in the velocity conditions immediately after the end of compression (EOC). This error is 

further exacerbated by issues with light intensity distribution, and difficulty with focus on the 

particles in the image plane. However, direct comparison with a RANS CFD analysis shows at least a 

superficial correlation with the velocity directions during the immediate post compression time 

frame. Agreement in velocity magnitude improves once the velocity levels drop below a threshold 

and the particles can once again trace the underlying gas motion. However, agreement subsequently 

deviates once more due to inherent asymmetry in the experimental velocity fields. These results 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

CONCLUSIONS AND FUTURE WORK 

127 | P a g e  
 
 

 

warrant more detailed study with a greater number of results in order to apply similar statistical 

approaches. Urms comparison on a specified plane of interest with LES CFD analysis shows a similar 

repeatable trend, albeit with a limited dataset. 

Considerable future work needs to be carried out to refine the results presented in this thesis, 

however as a preliminary investigation and feasibility study, the hardware performed well. The 

process of iterative improvement allowed advances to be made without unwarranted over 

committal of resources and paved the way for future investigation into a wider parametric study of 

the factors effecting vortex formation and core gas heterogeneity, as described by CFD studies. This 

work presents a series of valuable lessons learned and there follows a discussion on some of the 

challenges faced and a detailed discussion of recommended future improvements that experience 

in the development process has afforded. 

4.2 Challenges faced 

The following outlines some of the issues that were encountered during the course of this 

investigation and highlights some lessons learned. 

 Bore misalignment 

Despite machining all of the original chambers with run-outs of less than 0.02 mm, glass frequently 

broke in early experimental runs. This was due largely to the fact that while the bore of the glass 

tube was accurate to 0.03 mm diametrically, the concentricity of the bore to the outside of the tube 

was out of round by ± 0.2 mm. This meant that that although the chamber was machined accurately, 

the bore was not on centre with the attached cylinders, Figure 4-1. The below image illustrates the 

issue. Despite roundness tolerances in the region of ± 0.03 mm the concentricity deviation of up to 

± 0.25 mm meant that the glass was not aligned true with the bore of the cylinder. 
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Figure 4-1. Glass concentricity. 

This led to an unprotected raised edge of glass at the interface between the cylinder and the 

chamber bore, which was the struck by the oncoming piston. In the early iterations and in the May 

2018 trials, this could only be temporarily remedied by reducing the piston diameter to avoid 

collision and subsequent glass destruction. This meant of course that even the non-creviced piston 

used in those trials had an effective crevice volume, and it proved difficult to produce visible vortices.  

 

Figure 4-2. Mk-V cylinder bore alignment. 

This was remedied in the MkV and VI chambers by measuring chamber run-out after the glass had 

been glued into position, and then clocking the cylinder on each side and dowelling to ensure bore 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

CONCLUSIONS AND FUTURE WORK 

129 | P a g e  
 
 

 

alignment, Figure 4-2. This figure shows the process with an analogue dial gauge measuring the 

concentricity of the cylinder bore after the chamber bore has been aligned. 

 Particle separation from flow 

It was observed in the May 2018 and in the Jan 2019 experiments that there appeared to be a void 

of particle free gas at the end of compression. This was originally thought to originate from the space 

that the slider boxes took up just before compression but was subsequently ascribed to inertial 

effects due to the particle size and density and the speed of the compression phase. As described 

previously as the Stokes number of a particle in a given diluent at a given velocity approaches unity 

it is less likely to truly confirm to the diluent flow, especially where rapid decelerations occur, as in 

this case. As starch particles have been used in similar studies with similar conditions in single sided 

machine, it can only be assumed that the corn starch properties of size or density differ somewhat, 

for those used, and that graded 10 μm pharmaceutical grade corn starch should be used and 

potentially heated prior to generating the particle cloud in the particle tank. This was not remedied 

in the current investigation, but the comparative results between creviced and non-creviced pistons 

still provide useful data. Figure 4-3 illustrates this effect. This image from one of the creviced piston 

experiments is a raw image 2 ms post EOC, which has not been subjected to the un-distortion post 

processing. A thin green line on the left and right of the image shows the piston faces. The region of 

green high intensity dots to the left of centre, vertically aligned are densely distributed particles. 

Dark regions, largely devoid of green dots, represent regions vacated by the particles. 

 

Figure 4-3. Particle separation and particle free voids. 

A possible mechanism to explain the observed behaviour is as follows. During the initial piston 

acceleration phase (–16 ms to –14 ms) the particles adhere to the flow of the gas until the piston 

velocity exceeds the threshold and particle settling time response time begins to lag. Particles then 

bunch up against the piston face during compression. During the constant velocity region of piston 

stroke, enough time passes for particles to begin to match gas velocity, but particle distribution is 
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biased towards the piston face. In each image pair the individual particles move closer together but 

with an underlying directionality from each side towards the plane of symmetry. By the end of 

stroke, the particles have matched the velocity of the gas, and since the particles are incompressible 

and the gas density is increasing the respective density ratio is decreasing. However, the particle 

time response to the sudden deceleration, as outlined in the discussion on particle selection in the 

Introduction, means that they continue on their trajectory for a time period of up to 4ms after the 

pistons and the gas have come to rest due to the stopping mechanism at the end-stop. Since the 

presence of the particles has little or no influence on the motion of the gas, all of the particles 

continue to move on their initial trajectory and a particle free void space is produced. Gas velocity 

drops drastically immediately after EOC, (if the aerodynamic effects of the roll up vortices is 

hypothetically discounted). After a time lag the particles are once more, able to adhere to the 

underlying gas motion, but the void space persists. The overall velocity field drops to the region 

whereby rotational effects can also be adhered to by the particles. In the non-creviced response, the 

vortices entrain the particle free pockets allowing their progress to be directly observed. In the 

creviced piston response, the particles congregate from each side at the plane of symmetry. Due to 

the poly-disperse nature of the particle cloud, particle location nearest the plane of symmetry is a 

function of particle diameter. Any smaller scale aerodynamics occurring in the void space regions of 

the image, near the opposing piston faces and are therefore not directly observable. Underlying gas 

motion begins to enter the particle filled region and the contrast between the void spaces and the 

particle laden regions is directly observable. While the above scenario is not ideal from a PIV 

perspective, the qualitative comparison between the creviced and non-creviced piston response 

shows compelling evidence of the efficacy of the former to suppress the roll up vortices. This 

qualitative comparison is justified since the conditions, albeit not ideal from a PIV perspective, are 

directly comparable, with all things equal except for the presence or absence of the crevice. 

Unfortunately, this effect makes quantitative comparison more problematic. 

 Contamination of the image with physical artefacts 

A number of the images show large pieces of debris which effects the distribution and behaviour of 

the particles, despite the chamber being stripped down and cleaned between successive runs. In the 

case shown in Figure 4-4 this was caused by piston seal failure as the pistons wipe across the edge 

of the intermediary slider box perhaps through mistaken operation of the positioning dowels. These 

turned out to be large pieces of PTFE material sliced off the piston U-Seals. Clumps of corn starch 

would often accumulate in the in-flow pipework which also required regular cleaning. 
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Figure 4-4. Debris contamination. 

 Illumination intensity and distribution  

Light intensity was always limited throughout the course of this investigation, due to the heavy light 

demands of high-speed photography and the relatively low output from the laser diodes. However, 

in house expertise would not have extended to trying to build more powerful laser solutions. With 

more available light, band pass filters could have been employed to remove any ambient light even 

though most images were taken in a darkened room. Also, more light could have allowed a smaller 

aperture on the camera, which would have increased the depth of field potentially improving the 

difficulties encountered with particle focus. 

Due to the use of a cylindrical lens rather than the Powell lens described above, the spread of 

light over the width of the beam was biased towards the centre. This is evident in the images where 

the centre of the field of view is more illuminated than the sides near the piston faces as in Figure 4-

5. While attempts to make acrylic Powell lens did prove the concept by improving light distribution, 

light distortion by the polishing techniques employed and the absorption of light by the acrylic 

material, precluded these test lenses from the investigation. 



AN OPTICAL INVESTIGATION INTO POST COMPRESSION   

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE  

CONCLUSIONS AND FUTURE WORK 

132 | P a g e  
 
 

 

 

Figure 4-5. Light intensity distribution. 

 Particle focus 

It proved challenging to achieve the desired focal clarity envisaged at the outset. This is most likely 

due to a combination of effects. The clarity of the borosilicate glass was not of optical quality. Also, 

the distance that the light had to travel, and the lighting conditions also played a role. The lens used 

was the best matched in terms of field of view and focal distance, but was being used at a distance 

of about 50mm from the plane of interest and was as such at the very limit of its ability to focus on 

the subject. The introduction of lens extension rings improved the focus range of the lens but 

introduced increased barrel distortion on the image. Backscatter and Mie scattering mismatch also 

played a role. The original idea was to use the calibration target as a focusing aid, and while this 

appeared quite sharp in images, the particles never did when the lens was focused on that plane. 

The focus was considerably improved by a serendipitous observation when it was neglected to turn 

the laser off during a cleaning process between runs. It was observed that the fibres of the cleaning 

cloth provided an excellent focal target at the laser plane, Figure 4-6. 
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Figure 4-6. Fibre focus. 

By placing the cloth in the chamber and leaving the laser system on, only the fibres that were in line 

with the laser plane would be illuminated and could be used to adjust the focus, as shown by the 

yellow arrow. Unfortunately, since the setup proved very sensitive to any physical adjustment, it was 

not possible to connect the clamp holding one side of the cylinder assembly to the camera frame. 

This introduced vibration during operation that was less visible in the May 2018 trials. However as 

will be seen in the next sub section, this was very repeatable and clear images at the same time after 

end of compression were extractable from the time series. 

 Mechanical vibration 

Mechanical vibration was originally anticipated but proved to be less of an issue in the 2018 trials. 

This validated the original RCM design with the two opposing masses cancelling each other out in 

terms of momentum and inertial effects, due to the identical weights of the plunger assembly. 

However once the focus setting method mentioned above was deployed, and one side of the 

cylinder assembly could not be clamped, natural frequency in the camera frame assembly itself 

proved an issue. A reference run was recorded without particles present and when compared 

against some of the particle laden runs, it can be observed that the vibration pattern is quite 

repeatable, with offsets most likely down to the 2 ms resolution when defining to. This allowed for 

image pairs to be extracted at the same time after end of compression despite the evidence of 

vibration. The introduction of vibration was offset against the improved focus achieved with this 

method. It is worth noting that only every second shot of an image pair is recorded in the below 

image, Figure 4-7 due to the microsecond duration between them. Those images where vibration is 

observed are marked in orange. 
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Figure 4-7. Mechanical vibration. 

 Particle settlement 

Due to the inevitable discrepancy between the density of the particles and that of the supporting 

diluent gas the particles do not remain in suspension for long. While the size of particle 

predominantly dictates its ability to adhere to flow conditions, this density ratio plays a role in the 

time allowable between inflow and triggering the compression sequence. Since the numerous 

manual operations required in the presented assembly necessitated a time lag between inflow and 

triggering, residual flow due to in-flow was inevitable. Ideally this should inform particle choice in 

future investigations, however neutrally buoyant incompressible particles in gas are not currently 

available. The small size of the corn oil particles makes them a likely candidate and will now be 

discussed.  

4.3 Future work—discussion 

Of primary importance to more accurate and quantifiable velocity field results is the choice of a more 

suitable tracer particle. Pharmaceutical grade 10 µm diameter corn starch should be adopted in 

order to ensure the mono-disperse particle cloud. These should then be aerated at elevated 

temperature to reduce diameter as previously outlined. Specialised PIV tracer particle should also 

be investigated to further improve particle fidelity. Specialised glass microspheres some of which 

are fluorescent under certain lighting conditions are available at a cost. Also investigation into helium 

filled microspheres might prove fruitful as discussed by Tsugawa et al. (1987) [91], however might 
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prove challenging to contain in the laboratory environment. The oil droplets generated by the Laskin 

Nozzle generator were visible in chamber to the TSI PIV system and persisted in suspension for 

longer than the corn starch particles used in this investigation. They warrant more investigation in 

terms of particle introduction however, and more efficient and controllable cloud density generation 

at sub atmospheric pressure. 

The ability to view these smaller particles will however require added effort in the various 

elements pertaining to image capture. Initial improvement would be brought about by replacing the 

borosilicate sight glass with a bespoke sapphire window. This would improve image quality and also 

extend the pressure range of investigations to super-atmospheric pre-compression conditions. This 

optical glass should include a small diameter hole radially oriented to allow for the use of a piezo 

electric pressure transducer. As shown by the work of Ramalingam et al. (2017) [92] this hole does 

not need to allow full face access to the pressure sensor, but can rather take the form of a “snubber” 

recess configuration in the order of a 1 mm diameter hole, without effecting the compressing 

pressure time history or magnitude. While the Boyle’s Law method was used in this study to estimate 

pre compressed pressure, it is accepted that heat loss characteristics and therefore EOC pressure 

(and therefore temperature) may differ and direct measurement would be advised. The current 

chamber can be reused but the hard won “clocking after gluing” process should be adopted to 

ensure bore alignment, especially since the sapphire will be considerably more expensive. It is 

however anticipated that an optical grade sapphire tube will have more exacting diametric 

tolerances. Subsequent investigations could then confirm the numerical analyses that highlight the 

fact that vortex formation is suppressed at higher compressed pressures. Special attention to the 

refractive index of the liquid transport medium must be paid. Laskar et al. (2016) [93] present a 

number of eligible candidates. 

While the Chronos 1.4 camera performed more than admirably for this investigation, it would be 

unfair to compare it to high resolution, low light sensitivity specialist scientific equipment. It would 

however be worth investigating the monochrome version to compare its performance in these 

challenging low light conditions. The Arduino controlled laser diode system also performed well and 

allowed for a full range of frame rate, inter-pulse time and pulse duration settings to be adjusted. 

However, its ability to control more powerful laser diodes will be limited, and therefore a specialised 

pulsed laser solution may be required. 

More investigation is required into the selection of lenses to suit the purpose. Discussion with 

industry specialists would be appropriate in order to match the aspect ratio and the focusing 

distance more closely to the requirement, while reducing the amount of lens distortion. More 

detailed investigation into the challenges of focusing on micron sized particles is required. 
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A bespoke Powell lens, manufactured from glass material suitably matched to laser output, 

should be adopted to create a more even light intensity distribution across the interrogation area. 

Also, the system would benefit from some additional optics to redirect the laser light from a fan to 

parallel beam centred on the chamber slot. This would reduce shadow effects in the corners and 

beam lines made visible by the surface quality of the optical window. 

Some mechanical improvements to the system would also benefit the efficient gathering of larger 

data sets. The slider boxes were fabricated from Acetyl co-polymer (Delrin™) to reduce machining 

time and cost. This was justified by the fact that the pressure conditions only rise to compressed 

pressure in the last segment of the compression stroke. Since 15 bar max compressed pressure was 

defined at the outset of this investigation, to ensure that vortices would be present, this meant that 

the Delrin container was able to withstand the slight increase in pressure in the initial stage of the 

stroke. By the time the internal pressure exceeded the safe working pressure of the boxes, the piston 

had moved to the more robust aluminium cylinder section. The slider boxes and compression 

cylinders should be remanufactured from stainless steel to mimic the current reactive cylinder 

thermal and -mechanical properties, but since stainless steel will be less forgiving than aluminium 

and plastic, more attention needs to be spent on bore alignment within the slider box to bore 

interface, to avoid piston damage and seal shear. 

The camera frame performed well and a similar set up would be advised, but more attention is 

needed to address repeatability between runs in order to facilitate strip down and cleaning, and to 

avoid the mechanical vibration issues encountered in this study. 

In order to improve vacuum efficiency a smaller particle tank could be introduced but one made 

from stainless steel. Also, the large orifice pipework required to transport the particles from the tank 

to the chamber should be replaced with stainless steel. This would allow for pre-heating of the 

particles to reduce moisture which may have affected particle’s size and density, and their ability to 

adhere to the fluid flow. 

An overall contributor to delay during the course of this investigation was the availability of the 

RCM itself. Both of the RCM facilities are consistently in use for IDT studies, but this makes the 

relatively intensive process of setting up the optical analysis system and subsequently removing it to 

free up the machine a time-consuming task. The results presented reflect only a small part of the 

effort required for system setup and commissioning. This also led to large time gaps between 

iterations. While the system as a whole performed well, some level of automation to improve 

efficiency and also remove the chance of human error. A number of runs had to be discounted where 

one of the steps in the workflow were omitted. 
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The dual opposed nature of the NUI Galway RCM presents its own challenges in terms of optical 

investigation, due to the geometric constraints and the fixity of the two opposing sides. There is 

consequently some merit in considering a dedicated device to carry out future optical analyses. This 

device could then be set up for similar investigations, and then left in that condition and built up to 

trial the improvements outlined above. This device need not be as complex, since is it would not be 

tasked with the requirement to carry out IDT experiments. As such a synchronised, PID controlled, 

regenerative circuit, through-rod hydraulic system, perhaps assisted by hydraulic accumulators 

might be considered. Function based PID control, would make the piston actuation more 

controllable and allow the device to match the stroke, displacement time history and perhaps even 

piston geometries of other facilities in the wider community. Precedence for hydraulic only actuation 

has been set by the work of Guibert and Kéromnès previously discussed. This machine could be 

designed in such a way that the two opposing sides could be independently retracted from a fixed 

central chamber assembly. This would make the process of cleaning between runs more efficient, 

while leaving the camera and laser setup in place and therefore improving the repeatability of the 

image capture arrangement. Once the operational elements described above have been considered 

and addressed, a parametric approach should be adopted to ascertain those variables that most 

effect the vortex formation, in line with the results of the numerous CFD studies mentioned in this 

investigation. These would include, crevice geometry, diluent gas composition, compressed pressure 

ranges, and different drive pressures and therefore piston velocities. 
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 Technical Drawings 

A-I-1 RCM general schematic  
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A-I-2 RCM general layout  
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A-I-3 RCM Assembly section 
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A-I-4 RCM Disassembly Procedure 

The following pages outline the RCM disassembly procedure. 

 
Step 1. Free side cylinder retraction. 

This image shows the newer RRCM combustion chamber with a large orifice poppet style inlet valve. 

All heating elements and pipework are removed prior to commencing with this operation. Power to 

the hydraulic power pack can be maintained in order to aid with disassembly of the plunger in a later 

step. With pistons retracted the 6 No. ¼”-UNC bolts (1) can be removed from the free side cylinder 

(2) with an inch size hex key. This allows the free side cylinder to be pushed rearward away from the 

combustion chamber about 20 mm so that the extension in the cylinder is fully free from the register 

bore in the chamber. 

 
Step 2. Chamber removal. 

The same four bolts (1) can be removed from the fixed side cylinder flange. The free space allowed 

by retracting the free side cylinder in the previous step, gives enough clearance to push the chamber 

(2) towards the free side and then slide out laterally between the two cylinders. Care must be taken 

not to damage any of the components during this procedure. Puller bolts are provided on the 

cylinder flanges if chamber removal is problematic. 
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Step 3. Free side cylinder removal. 

Three bolts hold the fixed chamber in position. These can be removed at this stage 

 
Step 4. Fixed cylinder removal. 

With the free cylinder (4) pushed back as far as possible, the fixed cylinder (1) can be removed. 

Care must be taken when sliding this off the piston and seal assembly (3) so that the faces of the 

cylinders do not contact each other. This can lead to significant damage of the register and even 

potentially the bore transition. Puller bolts exist in the fixed cylinder flange to aid with guiding 

removal and press against the face of the cooling collar (2). This operation can be aided by 

activating the hydraulic pressure locking. Also an aluminium or cardboard plate can be temporarily 

placed between the cylinders to protect them during extraction.  
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Step 5. Free cylinder removal. 

With the fixed side cylinder removed the free side cylinder (1) can be extracted. Hydraulic locking 

pressure can also aid in this step, by holding the plunger in place during extraction. Care must be 

taken not to rotate the cylinder in a counter clockwise direction as this will untwist the piston and 

seal (24) assembly from the plunger. The outer diameter of the cylinder is guided by a bronze wear 

ring in the free side cooling collar (2). 

 
Step 6. Piston removal. 

With the hydraulic locking mechanism activated the pistons (1 & 2) can be removed by rotation in 

a counter clockwise direction from the plungers (3). This can be carried out using a belt-spanner on 

the outer diameter of the piston. 
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Step 7. Cooling collar removal. 

The cooling collar are removed by undoing the bolts using an imperial hex key. Puller bolts are 

provided to aid in this process and to guide the cooling collar out of the neck seal housing. Care 

must be taken not to apply too much pulling force on either side as the collar will jam in position 

due to the tight tolerances required for alignment. 

 
Step 8. Neck seal removal if required. 

A special tool was made with two protruding pins in order to remove the locking ring (1). This tool 

fits over the plunger (6) and engages with 2 of the 4 pin holes in the face of the locking ring. His is 

removed by applying a counter-clockwise torque. Once this is removed access is afforded to the 

various seals and wear rings that make up the neck seal assembly (2-5). Please note that this feature 

is only available in the RRCM. The BRCM still has the original arrangement and requires full 

disassembly of the RCM to access these seals from the inside of the oil chamber. 
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Step 9. Positek transducer removal. 

The Positek LIPS™ P100 sensors can now be removed from each side of the assembly. The Positek 

sensor (3) is attached to the Sensor flange (2) using a metric thread. It is often more efficient to 

merely de-torque the sensor using the available hexagon shape on the body of the sensor, but to 

then undo the bolts (1) holding the flange onto the Drive cylinder (4). Otherwise the rotation 

required to remove the sensor will twist up the cable which could potentially damage it. Care must 

be taken not to damage the carbon coating in the transducer when removing or replacing it in the 

target tube which is attached to the drive plunger internally (not shown). 

 
Step 10. Air receiver removal. 

The 8 No. bolts (1) can now be removed, which attach the Drive chamber (2) to the Frame (3). Puller 

bolts are again provided to aid in this. Care must be taken when sliding this off the Drive cylinder as 

the Drive chamber is very heavy. 
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Step 11. Drive cylinder removal. 

The drive cylinder can now be removed by removing the socket head bolts retaining it. Again puller 

bolt holes are provided. Hydraulic locking helps in this operation also. 

 
Step 12. Drive plunger loosen. 

With hydraulic locking applied and with 2 people the Drive plunger can be un-torqued from the taper 

seal holder. This is done using two counter rotating belt spanners on the drive plunger and at the 

other end on the compression plunger respectively. Care must be taken to only un-torque the 

connection and not to remove the drive plunger completely as the system is under pressure and the 

low pressure side is full of oil. It is therefore advisable to depressurize and isolate power to the power 

pack at this point. 
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Step 13. Oil release. 

With oil pressure released and the Drive plunger un-torqued, the hydraulic oil can be emptied from 

the system. Oil exits the system through a bleed port (1) located under each respective Oil chamber. 

Out outflow is aided by removing the breather plug located on top of the oil chamber. On the RRCM 

an outflow valve has been added (not shown) to aid in this operation. Oil can be piped to a clean 

container if it is going to be re-used, or else disposed of responsibly. 

 
Step 14. Drive plunger removal. 

 Once the oil is emptied the drive plunger (1) can be fully extracted. This can be aided by removing 

the four no. bolts holding in the rear neck seal retainer. This de-energises the rear neck seal reducing 

seal friction for extraction. 
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Step 15. Rear neck seal. 

With the drive plunger and the rear neck seal cap removed the wear ring and the PTFE Lip seal 

with its energising O-ring can be removed. 

 
Step 16. Inner oil chamber nuts. 

 The 8 No. Nuts are now removed that hold the internal oil chamber in place. Puller bolt holes are 

provided in order to extract the internal oil chambers. Spacers can be inserted between the flange 

of the oil chamber and the first of the spacers to ease the internal oil chamber out using the puller 

bolts. 
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Step 17. Inner oil chamber and compression spacers. 

Once the internal oil chamber (1) is extracted beyond the static O-ring, it can slide out the rear 

opening of the frame. The compression spacers (3) are extracted sideways off the stud bolts 

attached to the external oil chamber (2)  

 
Step 18. Compression plungers. 

With the internal oil chamber removed, the compression plunger (1) can now be freely extracted 

from it seal housing contained in the external oil chamber (2). Care should be taken to maintain 

alignment during this extraction process, to reduce the chance of scratching the compression 

plunger wear surface. 
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Step 19. External oil chambers. 

 The 8 no. Socket Head Cap screws that hold the external oil chambers onto the forward neck seal 

housing can be removed. Care should be taken when easing the external oil chamber off the O-

ring, since the Neck seal housing can also come off at this point. 

 
Step 20. External oil chambers. 

 The external Oil chamber (1) can be extracted though the large hole in the frame (2). Care should 

be taken that the forward neck seal housing (3) does not become dislodged while this extraction 

process is undertaken. 
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A-I-4 RCM OPTICAL CHAMBER 

 

 

 

 

 

 

  



AN OPTICAL INVESTIGATION INTO POST COMPRESSION  

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE 

APPENDIX I  TECHNICAL DRAWINGS 

A15 | P a g e  
 
 

A-I-5 RCM SLIDER BOXES  
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A-I-6 RCM PARTICLE DELIVERY OVERVIEW 
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A-I-7 PIV LASER HOLDER  
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A-I-8 RCM MK IV-3 PISTONS 
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A-I-9 RCM MK IV -0 PISTONS 
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A-I-10 RCM MK IV-3 –T PISTONS 
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 Control and processing code 

A-II-1 Arduino laser synchronisation code 

The following code uses the camera pulse output as an input signal to trigger the laser diode via the 

IC-Haus Driver board. This code requires the addition of the “digitalWriteFast” subprogram that is 

available through the Arduino community. The camera frequency (fps) is adjusted at the camera. 

The pulse width denotes the individual pulse duration. The straddle amount controls the time 

between pulses. The output is adjusted using a split signal to an oscilloscope.  

------------------------------------------------------------------------------------------------------------------------------ 

#include <digitalWriteFast.h> 

int pulseWidth = 35; 

float cameraFrequency = 1000; 

float cameraPeriod = 1e6/cameraFrequency; 

float straddleAmount =.15; // proportion of cameraPeriod 

float adjust =170; // adjust accounts for microseconds lost while reading or writing. Start it at 0 and then adjust 
if needed. 

float delay1 = (cameraPeriod) -  adjust; 

float delay2 = cameraPeriod*straddleAmount; 

const int cameraPin = 5; 

const int pulsePin = 6; 

const int pulse2 = 9; 

 bool cameraSignal = HIGH; 

  

void setup() 

{ 

       pinModeFast(cameraPin, INPUT); 

       pinModeFast(pulsePin, OUTPUT); 

       pinModeFast(pulse2, OUTPUT); 

} 

 void loop() 

{ 

       cameraSignal = HIGH;  
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       while(cameraSignal == HIGH) // This loop waits for the LOW period between camera frames. 

{ 

              cameraSignal = digitalReadFast(cameraPin);  

} 

       while(cameraSignal == LOW) // This loop waits for the beginning of a frame. 

{ 

              cameraSignal = digitalReadFast(cameraPin);} 

              delayMicroseconds(delay1); // This delays for a set time and then triggers the laser. 

              digitalWriteFast(pulsePin, HIGH); 

              digitalWriteFast(pulse2, HIGH); 

              delayMicroseconds(pulseWidth); 

              digitalWriteFast(pulsePin, LOW); 

              digitalWriteFast(pulse2  , LOW); 

      delayMicroseconds(delay2); // This delays for a second time and then triggers the laser again. 

              digitalWriteFast(pulsePin, HIGH); 

              digitalWriteFast(pulse2, HIGH); 

              delayMicroseconds(pulseWidth); 

              digitalWriteFast(pulsePin  , LOW); 

              digitalWriteFast(pulse2  , LOW); 

} 
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A-II-2 Matlab Undistort Image Code 

Matlab is a folder based environment, so all the relevant files are kept in the same folder. Grid points 

on the calibration image are measured at the pixel level, and recorder in the text file. The desired 

“actual” grid references are recorded in the text file. The images to be undistorted are aligned to 

ensure they match the grid image in paint.net. The images are cropped to ensure that the pixel count 

matches exactly. The un-distortion algorithm is run on the calibration image to ensure that the level 

of un-distortion is appropriate. “Undistortion.m” relies on the subprogram “ImgUnDistort.m” that 

was kindly donated by Dr Alan Kéromnès as used in his thesis. The undistorted images are output as 

separate images PIVA and PIVB. These can then be migrated to a new folder for PIV analysis. The 

program also adds reference dots on the images to aid in post processing. 

------------------------------------------------------------------------------------------------------------------------------     

Undistortion.m 

clc 

clear 

imagePoints = load('ImagePoints.txt'); 

  

worldPoints = load('RealPoints.txt')-10000; 

img = imread('PIVB.bmp'); 

img = insertMarker(img, imagePoints(:,:,1), 's', 'size', 1, 'Color', 

'red'); 

  

iud = ImgUnDistort(); 

iud = iud.SetStdImg(img); 

iud = iud.SetKeyPoints(imagePoints, worldPoints); 

iud = iud.CalibrateCamera(); 

  

img1 = iud.UnDistortImage(img); 

  

img1 = iud.StretchImage(img1, 1.1); 

imshow(img1) 

ImgUnDistort.m 

 

classdef ImgUnDistort 
    properties 
        imgH; 
        imgW; 
        stdImg; 
        imgPts; 
        wldPts; 
        cameraParams; 
    end 

     
    methods 
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        function obj = SetStdImg(obj, image) 
            obj.stdImg = image; 
            obj.imgH = size(image,1); 
            obj.imgW = size(image,2); 
        end 
        function obj = SetKeyPoints(obj, imagePoints, worldPoints) 
            obj.imgPts(:,:,1) = imagePoints; 
            obj.imgPts(:,:,2) = imagePoints; 
            obj.wldPts = worldPoints; 
        end 
        function obj = CalibrateCamera(obj) 
            [obj.cameraParams,imagesUsed,estimationErrors] = 

estimateCameraParameters(obj.imgPts, obj.wldPts, 'ImageSize', [obj.imgH, 

obj.imgW]); 
        end 
        function img = UnDistortImage(obj, image) 
            img = undistortImage(image, obj. cameraParams); 
        end 
        function img = StretchImage(obj, image, ratio) 
            H = size(image,1); 
            W = size(image,2); 
            if (H/W)>=0.7 
                newImgH = W * ratio; 
                newImgW = W; 
            else 
                newImgH = H; 
                newImgW = H/ratio; 
            end 

  
            img = imresize(image, [newImgH,newImgW]); 
        end 
    end 
end 
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 PIV image overview 

 

 

  Linear Transducer Output 
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Linear Transducer Output 
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Linear Transducer Output 
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Linear Transducer Output 
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 Preparatory Works 

Prior to commencing with the optical visualisation study a number of improvements and 

modifications needed to be carried out in order to optimise RCM operations in general. Some of 

these had direct implications on the current study and others formed part of a group wide 

improvement scheme in order to streamline chemical kinetic studies in the Combustion Chemistry 

Centre (C 3). These included a full strip down and refurbishment of the RCM itself, the repair and 

coating of the compression plungers, the modification of the forward neck seal housings, the design 

and the adoption of a hydraulic power pack for locking pressure application, and a refurbishment of 

the lab itself. 

A-IV-1 Machine Refit 

The original RCM in the C3 group, currently referred to as Red RCM (RRCM), was built and used in 

the late 1960’s and was acquired directly from the Shell Thornton Group in the UK. It had 

subsequently undergone considerable modifications, and additions but had not been fully refitted 

in a number of decades (Figure A-IV-1). Since there were operational faults such as oil leaks, misfiring 

due to internal hydraulic leaks and problems with the vacuum retraction operation, a full refit was 

embarked on prior to commencing with the current investigation. The machine was fully dismantled 

and assessed on a part by part basis. The main frames and sub-frames were sanded, filled and 

resprayed (Figure A-IV-2). The hydraulic chambers were sand blasted and electroless nickel plated 

to prevent corrosion. All seals were replaced and some mechanical parts which showed signs or wear 

were repaired or replaced. The pneumatic drive chambers were left Red for nostalgic reasons and 

to differentiate the machine from its sister facility the Blue RCM (BRCM). 
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Figure A-IV-1. RRCM prior to recommissioning. 

 

Figure A-IV-2. RRCM after refurbishment. 
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A-IV-2 Hydraulic Actuation 

In the original arrangement the hydraulic locking pressure was generated using an air cylinder and a 

diaphragm housing. Since the required pressure (ca 42 bar) was considerably higher than what was 

available from the shop airline (max 10 bar), this pressure was provided using a compressed air 

cylinder. The air was diverted to the diaphragm system using a 3-way valve that selected between 

vacuum, air driven hydraulic locking and pneumatic drive. When in the hydraulic locking position air 

pressure from the cylinder acted on an air/oil interface diaphragm.  

              

Figure A-IV-3. RRCM pneumatic oil charge inlet valve (left) and new power pack (right). 

The diaphragm subsequently acted on a closed oil system to provide the locking pressure. This 

system was replaced by a hydraulic power pack, which improved system efficiency, ease of operation 

and reliability. The power pack is controlled by an in house wall mounted control box which allowed 

push button operation and remote firing functionality via a machine mounted manifold and solenoid 

sub system. The remote firing was later bypassed by a manual machine mounted globe valve to 

improve piston timing synchronicity as discussed previously. The use of the power pack also 

facilitated the regular changing of the hydraulic oil, with a built in manual jog setting to flow oil 

through the system. The original closed system often took a significant amount of time and multiple 

setup triggers in order remove trapped air in the system and oil could only be flowed using a funnel 

via the top inlet port. 
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A-IV-3 Neck seal and plunger repair 

Hydraulic oil used in the locking operation, must be contained in the hydraulic cylinder, and this is 

achieved by rearward facing seals at the forward neck seal. Industry standard low friction seals are 

inadequate for this application, so specially made O-ring energised, PTFE lip seals are used. These 

are not as effective in terms of wear resistance and sealing as the industry standard, but since seal 

friction is of importance for both the vacuum retraction system and the shape of the displacement 

curve, their deficiency is accepted. As the Stopping Ring enters the stopping groove these forward 

neck seals witness a sharp pressure spike, and so inevitably some oil seeps past the seal. Oil must 

not be allowed to enter the combustion system, since it would contaminate the test region and 

adversely impact the experimental results. For this reason, a rear facing wiper seal is employed to 

wipe the plunger clean.  

 

Figure A-IV-4 RRCM. Compression plunger repair and coating. 

This oil is contained and allowed out of the cooling collar via a port. Initial attempts to repair this 

fault were unsuccessful until it was discovered that a deep longitudinal scratch had developed on 

the underside of the plunger, which was damaging each seal as it was replaced. Rather than 

remaking both plungers it was decided to send them to Oerlikon Metco to be repaired (Figure A-IV-

4). This was carried out by machining the outside down 0.5mm, spray deposition of tungsten carbide 
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and then subsequent diamond honing to size. This process not only repaired the fault but also 

improved operation by further reducing friction.  

In the original layout the forward neck seal was only accessible from inside the oil chamber, and 

therefore the full assembly as outlined in the disassembly procedure above, had to be dismantled 

each time a neck seal was changed. It was decided to redesign the neck seal flange in order to make 

the replacement procedure more efficient. The solid shoulder in the existing housing endcap was 

machined out a replaced by a new threaded housing cap. A simple 2 pin tool was used to install the 

cap. The image below (Figure A-IV-5) shows the neck-seal housing with the seal retaining cap 

removed (left) and with the cap partially installed (right). 

     

Figure A-IV-5. RRCM forward neck seal housing modification. 
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A-IV-4  Heating system 

One of the variables in ignition delay studies is the preheat temperature of the chamber and this is 

varied from ambient up to 120 degrees Celsius. It is important that this pre-heat temperature 

distribution is homogeneous throughout the full boundary of the pre-compressed reaction volume. 

To ensure this is the case heating bands are wound around the cylinders and chambers, and are 

controlled using a PID controller with thermocouple feedback. Traditionally these were then covered 

with a heavy insulation, but this was found to have a detrimental effect on the heating system. The 

controllers would often overshoot the set temperature and oscillate back and forth. Also because of 

the insulation, some areas were being heated to higher than the set temperature, leading to damage 

of the heating tapes. It was decided to remove the insulation and to reduce the amount of heat 

being generated. By using a combination of using silicon heating pads, cartridge heaters at the piston 

end, and single wrap of heating tape at the chamber (not shown), far better control was achieved, 

and a. much quicker cycle time was witnessed. 

   

Figure A-IV-6. RRCM Heating System Upgrade. 

A comprehensive characterisation of the heat distribution was undertaken and found to be a 

significant improvement on the previous method. The individual temperature controllers and their 

respective solid state relays were also housed in electrical boxes to improve safety and reliability. 

The above image (Figure A-IV-6) shows the original heating arrangement but without the insulation 

on the left and the new arrangement on the right. 
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A-IV-5  Lab Infrastructure 

In order to improve operations and availing from experience gleaned in the industrial sphere, it was 

deemed necessary to upgrade the lab infrastructure in general (Figure A-IV-7). Prior use without an 

optimised lab layout had led to a build-up of unused items, and general dirt and grime. Since the 

present investigations required a more clinical environment due to the introduction of lasers and 

optical equipment, the complete lab was emptied. After the RCM was refurbished a more ideal 

position was decided on, and concrete plinths were installed to elevate the machine to standard 

workbench height. The flooring was removed and a new workshop standard, rubber flooring was 

installed. A complement of workshop drawers, cabinets and workbenches were installed, as part of 

a group wide improvement of lab equipment. Shadow outline Tool boards were also installed to aid 

in general housekeeping.  

 

Figure A-IV-7. RRCM Lab Upgrade. 
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 Ancillary projects 

A-V-1 RRCM poppet valve combustion chamber 

In earlier versions of the RCM combustion chambers gas mixtures were filled into the preheated 

chamber via modified, long stem Swagelok Needle valves. These were produced with a small (1mm) 

inlet hole to reduce the dead volume in the chamber during compression. Since vacuum efficiency 

is a function of the smallest orifice encountered this small inlet hole increased overall experiment 

time, and it was decided to design and manufacture a large orifice poppet style valve to improve this 

evacuation process. The poppet face needed to conform to the internal bore geometry when in the 

closed position and maximize the inlet cross section when in the open position. Orientation was 

ensured with a cam lever retraction arrangement. 

 

Figure A-V-1. RRCM Poppet Inlet Chamber. 
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A-V-2 Optical windows (Kistler 6045A format) 

In order to allow for laser absorption analyses to assess mixture concentration for low vapour 

pressure fuels, aligned and opposed need to be installed. These narrow beam investigations only 

required a small opening, so large port dimensions were not required. In order to allow for some 

level of future proofing and flexibility of operation it was decided to match these window ports to 

Kistler 6045 A pressure dimensions. This also allowed for blanks to be purchased from Kistler if these 

windows were not in use. The Sapphire windows were purchased from Knight Optical and were 

bonded in place with Epotek T7110 low outgassing epoxy. They were tested for pressure in a custom 

made rig to 150 bar and also tested for sub-atmospheric pressure to 1x10-1 Torr. The below image 

(Figure A-V-2) shows the end view of the port plug and a section view with the optical window 

installed. 

 

Figure A-V-2. RRCM Kistler Style Optical Access Port. 

  



AN OPTICAL INVESTIGATION INTO POST COMPRESSION  

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE 

APPENDIX V  ANCILLARY PROJECTS 

A38 | P a g e  
 
 

A-V-3 HPST Optical End Section 

Building of the success from the optical access in the RRCM a laser absorption system was also 

installed on the high pressure shock tube facility (HPST) (Figure A-V-3). Rather than modify the 

existing measuring section tube a new endcap was manufactured with a registered threaded flange 

arrangement. It was designed to add another measuring station at the same pitch as those from the 

pre-existing arrangement. This new arrangement was manufactured with 4 radial ports located 

10mm away from the end-wall, with additional space for four further ports if required. End-wall 

sensors locations were also included.  

 

Figure A-V-3. HPST Laser Absorption System. 
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Figure A-V-4. HPST optical endcap assembly. 

The endcap was manufactured from Stainless steel, and lined up with the bolt holes on the 

existing 8-hole, flange PCD. A different port plug flange arrangement was required to facilitate 

fitment between the long chrome moly bolts. These squared flanges allowed the ports to pass 

between the gaps. Aluminium bronze shoulder bolts replaced the chrome moly bolts in the previous 

arrangement to reduce the effect of galling during endcap assembly. The optical windows were 

populated with the same Kistler 6045 A style inserts that were used in the RCM chamber.  

 

 

 

 

 

 

  



AN OPTICAL INVESTIGATION INTO POST COMPRESSION  

AERODYNAMICS IN A DUAL OPPOSED PISTON RAPID COMPRESSION MACHINE 

APPENDIX V  ANCILLARY PROJECTS 

A40 | P a g e  
 
 

A-V-4 BRCM heated manifold 

Due to the increased heating requirement posed by low vapour pressure fuels and their tendency 

to condense during transport from the mixing vessel to the reaction chamber, a new modular 

manifold system was designed. This manifold (Figure A-V-5) used a bespoke manifold tube and high 

pressure Swagelok valves throughout except where KF type flanges were required for direct vacuum 

access for pumping and measurement. This while manifold system was wrapped with heating tapes 

and insulated, with feedback to the PID temperature controller using thermocouples. Its modular 

nature and large internal tube diameters made cleaning easier and decreased vacuum times 

respectively. 

 

Figure A-V-5. BRCM modular manifold system. 
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A-V-4 Positek target tube design modification 

The Positek LIPS linear transducers were originally chosen because of their high time resolution. 

These are industry standard devices, which are commonly used for rapid hydraulic actuator 

displacement control loops. The original target tube design was found to be unreliable for the rapid 

decelerations encountered at the end of stroke, with the stress concentrations at the threaded 

connection between the target tube and its attachment flange leading to fracture failure over time. 

In conjunction with engineers in Positek, a new solution was adopted. Here the target tube material 

was changed from aluminium to stainless steel. Also the flange connection was modified to reduce 

stress concentrations. The sensors were sent back to the company for recalibration with the new 

target tube material/geometry. The added mass of the material choice showed no appreciable 

change to the displacement curve, and any added weight was offset by the more reliable, robust 

assembly. 

 

Figure A-V-6. RCM LIPS P100 sensor with original target tube. 


