An optical diagnostics investigation of the effect of post injection schemes on soot reduction potential in a single cylinder Diesel engine
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Abstract 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]The present work employs a combination of pressure trace analysis, high speed optical measurements and laser based techniques for the assessment of the effects of various post-injection schemes on the soot reduction potential in an optical single cylinder light duty diesel engine. The engine was operated under a multiple injection scheme of two pilot and one main injections, typical of a partially premixed combustion (PPC) mode, at the lower end of the load and engine speed range (ca. 2.0 bar IMEP at 1200 rpm). Experiments considering the influence of the post-injection fuel amount (up to 15% of the total fuel quantity per cycle) and the post-injection timing within the expansion stroke (5, 10 and 15 CAD aTDC), under a constant total fuel mass per cycle, have been conducted. Findings were analysed via means of pressure trace and apparent rate of heat transfer analyses, as well as a series of optical diagnostics techniques, namely high speed flame natural luminosity imaging, CH*, C2* and OH* line-of-sight chemiluminescence, as well as planar Laser Induced Incandescence (pLII) measurements at 31 and 50 CAD aTDC. The combination of post-injection fuel amount and timing has substantial effects on charge reactivity and soot oxidation potential. The analysis reveals that an amount of fuel (7% of the total fuel mass per cycle) injected more than 10 CAD after the main combustion event leads to higher levels of soot emissions, while a larger amount of fuel (15% of the total fuel mass) injected 5 CAD after the main combustion event appears to have a beneficial effect on the soot oxidation processes. Overall, results indicate that a post injection scheme close to the main combustion phasing, could reduce soot levels and improve engine performance, i.e. higher IMEP levels at the same fuel consumption rates, although it could increase engine noise. 
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1. Introduction
Engine technology is evolving in response to increasingly stringent emissions limits imposed by regulations across the world (e.g. Johnson, 2015). Compression ignition diesel engine research focuses on the development of novel operating modes, such as Low Temperature Combustion (LTC), that have been found to reduce NOx and to inhibit particulate emissions (e.g. Dec, 2009; Reitz and Duraisamy, 2015). The basic principle of the LTC modes lies in the reduced in-cylinder temperatures, mainly due to extensive use of exhaust gas recirculation (EGR), and in enhanced premixing, mainly due to the introduction of advanced injection schemes accounting for the end of fuel injection to occur before the start of combustion. The application of appropriate injection strategies assists fuel stratification and potentially leads to Partially Premixed Combustion (PPC), which avoids, to a greater or lesser extent, conditions pertinent to the soot and NOx formation regimes identified in the equivalence ratio-Temperature (Φ-T) space; the increased premixing is more likely to result in local charge stoichiometries leaner than the critical soot formation values (= 2.0; Koci et al., 2009).
Emission legislation prescribes limits to both emitted particulate mass and particle number. Understanding the in-cylinder soot oxidation processes may help to lead to strategies which reduce engine-out particulate emissions, which would have significantly beneficial effects not only on fuel economy, air quality and human health, but also with respect to minimization of the need for after treatment in production vehicles (e.g. Guan et al., 2015). Soot production in a diesel engine can be correlated to the ratio of the durations of premixed-burn to diffusion-burn (or mixing controlled) phases, with the diffusion regime being responsible for a greater portion of the soot produced. Higher temperatures and higher local equivalence ratio (Φ) inside the cylinder should be avoided, otherwise some of the injected fuel will locally form fuel rich “pockets” among the charge, prone to soot formation (e.g. Koci et al. 2009). A PPC operation mode may in principle exhibit suitable fuel/air mixing, limiting the formation of conditions suspectable to soot formation and thus has the potential to lead to reduced soot emissions (e.g. Musculus et al., 2013). 
The implementation of higher injection pressures in order partly to accelerate the atomization process, partly to increase turbulent mixing and partly to increase the strain rates in the gaseous phase, together with a multiple injection strategies which also modify the mixing process, is a common means for achieving a PPC operation mode (Hong, 2015). Higher injection pressures, together with copious EGR, act against the establishment of a flame and therefore enhance flame lift-off and hence enhances premixing. Depending on the injected fuel amount, the number of pre-injections, and the sequence of pilot(s) and main injections employed, the in-cylinder processes diverge from conventional diesel flames, which are collectively characterized by high temperatures and sooty behaviour, and shift towards LTC regimes featuring enhanced premixing and moderate heat release rates (Reitz, 2013). 
Efforts to implement the LTC concept in production engines have led to the technological development of new combustion strategies, such as the Homogenous Charge Compression Ignition (HCCI) and the Premixed Charge Compression Ignition (PCCI) (e.g. Stanglmaier et al., 1999; Bessonette et al., 2007; Yao et al., 2009; Saxena and Bedoya, 2013). HCCI combustion may result in higher thermal efficiency and lower NOx and Particulate Matter (PM) emissions, but also to unacceptably high emissions of unburned hydrocarbons (HC) and CO, and, at higher loads, significantly increased noise levels (e.g. Epping et al., 2002). PCCI combustion can be thought of as a hybrid mode between HCCI and conventional CI combustion; the fuel is injected early enough in the compression stroke so as to provide more time than conventional CI for pre-mixing before ignition, while retaining a much greater degree of control over the ignition timing than does HCCI. Contrary to the HCCI, PCCI allows auto-ignition at low loads with high efficiency and low NOx and PM emissions (e.g. Leermakers et al., 2011; Kalghatgi et al., 2013). However, relatively high HC and CO emissions may still be present, combined with noise levels which are increased relative to conventional diesel combustion. 
Multiple injection patterns can be employed under a PCCI operation mode, since the lower in-cylinder temperature during the pre-injection events does not lead to auto-ignition of the pilot fuel, and thus the desired fuel-air mixture stratification can be achieved. The injection strategy is also a means of controlling the heat release profile and combustion phasing of the cycle (e.g. Benajes et al., 2008; Anselmi et al., 2010; Bao et al., 2014). Furthermore, advances in the diesel injection equipment allow engine manufacturers to utilize complex fuel injection control strategies for achieving optimum engine performance over a wide range of engine speeds and loads. Among the commonly employed injection schemes, post injections have been considered to reduce engine out soot emissions. Late post injection also assists the processes of the exhaust gas after-treatment systems, in particular promoting regeneration in diesel particulate filters (DPFs) (e.g. Mohan et al., 2013), and generates hydrocarbons for an active lean NOx catalyst (e.g. Yamamoto et al., 2006).
O’Connor and Musculus (2013) provide a succinct review on the application of post injections for soot emission reduction in diesel engines. Post-injection of a carefully chosen fuel quantity at appropriate timing, enhances charge mixing creating thereby favourable conditions to enhance soot oxidation via an increase in the local heat release. The dwell between main and post injection also directly influences the number and mass of soot particles and a relative optimization can potentially lead to a promotion of the soot oxidation rates favouring nanostructures. Generally, optimization of the post-injection scheme can influence the relative strength of the accumulation and the nucleation modes, resulting in significant changes in the size and the number of the soot particles (Desantes et al., 2007; 2011, Xu et al., 2014; Li et al., 2015). In LTC engines, the beneficial effects of post-injections on soot reduction, stemming from the variation of the post injection quantity and timing, are quite sensitive to engine speed and load conditions, EGR levels, and engine operation strategy (e.g. Chen, 2000; Chartier et al., 2011; Frapolli et al., 2014). Moreover, the effect on other emissions, e.g. HC and CO, should also be appropriately addressed, especially under operation conditions that promote their formation, such as PCCI conditions (e.g. Park and Bae, 2013). 
Soot-formation processes in mixing-controlled diesel flames have been well characterized, but relatively little is known about the amount and distribution of soot in the absence of appreciable heat release during the expansion and exhaust strokes. Further, although the beneficial effect of post injection on soot reduction stems both from late cycle mixing and the associated temperature increase, the dominant mechanisms can vary significantly depending on the engine operating conditions and it is hard to establish clear guidelines for the application of such schemes at a practical level. The latter suggests that the development of methodologies able to illuminate soot oxidation processes, rather than just quantifying engine out soot emissions, might be helpful. Laser Induced Incandescence (LII) is based on the incandescence (or thermal radiation) signal induced by a laser excitation; soot particles are heated-up by absorbing laser light, leading to a strong non-linear increase in thermal radiation with temperature (Michelsen et al., 2015). Soot volume fraction is approximately proportional to both the integrated signal and peak signal level and particle sizes may be deduced from the decay rate of the LII signal (e.g. Melton, 1984; Bladh et al., 2007). The technique has been applied for the understanding of soot fundamentals in flames, e.g. Schulz et al. (2006); Tropea et al. (2007), Desgroux et al. (2013), as well as in combustion vessels, e.g. Idicheria and Pickett (2005), Vogel et al., (2013). LII has also been used to study combustion in engines operated under conditions pertinent to the LTC and PPC modes. Crank angle resolved LII measurements have been utilized to study the effect of in-cylinder soot oxidation via the recording of soot particle sizes in an optical high speed diesel engine operated under relative early injection timings (Menkiel et al., 2012). The in-cylinder soot volume fraction derived from time resolved LII data revealed that, for different fuel injection timings, a relatively higher amount of soot was produced for shorter ignition delays compared to longer ignition delays. This can be correlated with the effect that diffusion-burn phase has on soot because, for shorter ignition delay, the fuel has less time available for mixing, leading to prolonged diffusion-burn phase and, consequently, to higher soot generation. Further, LII images of soot distribution at various crank angle positions have been combined with natural luminosity images in order to assess in-cylinder soot production as a function of ambient O2 mole fraction in a heavy-duty diesel (Aronsson et al., 2014).
In the present work, a single cylinder optical diesel engine was utilized for the assessment of the effect of post injection schemes on in-cylinder soot reduction mechanisms. Four different post-injection schemes were examined with both post-fuel amount and injection timing being independent experimental parameters. In particular, the post-injection fuel amount varied between 7% (1 mg) and 15% (2 mg) of the total amount of fuel per cycle, while three injection timings were considered at 5, 10 and 15 CAD aTDC. The details of all post-injection schemes are shown in Table 1. In each experiment, a multiple pilot injection scheme was retained (1 mg or 7% of the total fuel amount for each pre-injection), while the main injection event occurred at the same time (-5.4 CAD aTDC) and its fuel amount was adjusted in order to have a total of 15 mg of fuel injected in every cycle (including the post injection). The overall conditions have been chosen to represent a PPC-like operation. A “base case” without any post injection is also considered for comparison. 
The aim of this research was to assess the potential of post-injection strategies (fuel mass quantity and dwell time from main injection) to suppress in-cylinder soot levels and develop phenomenological understanding of the associated observations. A Ricardo Hydra single cylinder optically accessed diesel engine, equipped with a Ford Puma engine head, was operated under a partially premixed combustion mode consisted of two pilot and one main injection. A combination of in-cylinder pressure analysis, high speed imaging of time resolved line-of-sight OH*, CH* and C2* in-cylinder chemiluminescence measurements, and qualitative planar Laser Induced Incandescence (pLII) measurements after the end of the combustion process, evaluated the effect of each post-injection strategy on the flame evolution patterns, the heat release and global combustion characteristics and soot reduction potential. 

2. Experimental Setup and Methodology
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The engine utilized for this experimental campaign was an optical Ricardo Hydra single cylinder low duty diesel engine (93.62 mm bore; 90.55 mm stroke; 623 cm3 displacement; 16.9 geometric compression ratio), equipped with a Ford York I4 2.5 lt engine cylinder head and a common rail fuel injection system (8-holes injectors, with 140° cone angle). The engine configuration and the associated instrumentation have been described in detail recently (Hong, 2015; Founti et al., 2015). The engine features a metal piston with an optical window in the piston crown and, in the liner, a metal annulus that accommodated insets for four optical windows. In-cylinder pressure trace was acquired with a Kistler 6056A41 Quartz Pressure Sensor (logged at every 0.2 CAD) and the analysis of the recorded signal was realized using in-house developed codes to calculate the apparent heat transfer rate (using the Woschni correlation for the heat transfer model; e.g. Heywood, 1998) and to appropriately account for the thermodynamic loss angle. For all cases, the coefficient of variation for the IMEP was found to be less than 2%. 
A Photron Fastcam APX-RS high-speed CMOS camera imaged the high speed chemiluminescence and flame natural luminosity, controlled by LaVision HighSpeed Controller, equipped with a 105 mm (1:1.8) UV Nikon lens. The camera acquired data at a frequency of 10 kHz, which corresponded approximately to 3 images per 2 CAD at 1200 rpm engine speed. The exposure time of the recorded images was 100 μs and the resolution was 512x512 pixels. The image acquisition took place for 10 consecutive cycles, with 100 images per cycle. The optical filters used for natural luminosity imaging were two WG395 high transmissivity filters (Edmund optics) to cut out the ultraviolet wavelengths, for the CH* chemiluminescence a 430 nm bandpass filter (FWHM 20 nm, Tmax=45%) was used, whereas the chemiluminescence from C2* was passed through an optical bandpass filter at 514 nm (FWHM 30 nm, Tmax=54%). OH* imaging was realized via combining a FGUV11S (Thorlabs, FWHM 30 nm, Tmax=82%) coloured glass filter and a WG295 high transmissivity filter (Edmund optics). 
For the qualitative planar Laser Induced Incandescence (pLII) measurements, the laser used for exciting the soot particles was a Quanta-Ray Pro 270-10Hz laser, operating at 532 nm wavelength, with 900 mJ of energy per pulse and pulse width of 1-2 ns. The laser beam was guided into the combustion chamber using appropriate mirrors compatible with this specific wavelength and was transformed into a focused laser sheet using a series of cylindrical lenses from Thorlabs with focal lengths of -50 mm, 150 mm and 1000 mm. The laser sheet passed through two of the side windows of the combustion annulus, thereby crossing the bore and was terminated by a beam dump. Due to the size and the positioning of the optical windows, the laser sheet had a width of approximately 5 mm. Due to limitations in the optical access, pLII measurements of the soot remaining after the post-injection pulses were obtained at 31 CAD and 50 CAD aTDC. A LaVision FlowMaster 3S fitted with an intensifier and a 105 mm (1:1.8) UV Nikon lens was used to capture the pLII signal through a Samrock FF01-405/10-25 filter that had a centre wavelength of 405 nm with guaranteed minimum bandwidth of 10nm, which filtered out most of the chemiluminescence and other fluorescence signals. The final images presented here are a result of intensity thresholding to remove noise caused by the intensifier, and averaging over 300 consecutive cycles.
The findings of the experimental campaign are discussed on the basis of both optical measurements and via pressure trace and apparent rate of heat transfer analyses. The use of chemiluminescence in engine studies has been proven a useful diagnostic tool for local measurements of combustion characteristics (e.g. Hardalupas et al., 2004 and Aleiferis et al., 2004). Flame propagation was captured by means of high speed imaging of flame luminosity and CH*, C2* and OH* line-of-sight chemiluminescence. Flame natural luminosity from diesel combustion is useful for the study of soot, because it mainly originates from soot luminescence and incandescence. The signal from the flame natural luminosity can be correlated with the total soot oxidation rate and, within the context of the present study, is considered as a proxy of the in-cylinder soot levels, while (broadband) luminous combustion takes place. For the detection of soot when it is no longer detectably "self-luminous", that is to say, after the completion of the luminous combustion, the signal from pLII was used. 
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK48]Each of the chemiluminescent species is a proxy of a fundamental combustion property; CH* is related to the reaction zone and the flame front, while C2* is indicative of fuel-rich reactive areas. OH* has been found to be a good proxy of the heat release zone and is used to determine spatial and temporal ignition. The C2 and C2H radicals are the precursor species for the CH* radicals (Bozkurt et al., 2012) and are formed within a narrow reaction zone with high temperature gradients. The short-lived CH* radicals are hence considered as a proxy for the flame front and can also be used to support arguments on the reactivity. On the other hand, CH2 and C3 species play a prominent role on the formation of the excited C2* species, which become more intense in the locally formed fuel-rich pockets. Therefore, C2* chemiluminescence is correlated to the reacting fuel-rich zones, predominately originating from premixed flame areas (e.g. Kohse-Höinghaus, 1994; Anders et al. 1999; Kathrotia et al., 2012). Finally, OH* is widely used as a heat release zone indicator. Excited OH* species are mostly formed through reaction of molecular oxygen with CH radicals (e.g. Panoutsos et al., 2009; Kathrotia et al., 2012) and are not, in general at least, a proxy of OH radicals. In the present work, we have chosen the employment of a PPC-like mode under low-load and low-speed conditions, since O’Connor and Musculus (2013) suggest that such conditions have the best potential for demonstrating the positive effects of post injection strategies, while using conventional fuel injection equipment as found in diesel passenger cars (Bakker et al., 2014).

3. Pressure trace analysis 
The recorded pressure traces and the corresponding apparent heat transfer rates (AHTRs) are presented in Figure 1, while Table 2 summarizes the global combustion characteristics for all cases considered in the present work. Figure 2 presents the cumulative Apparent Heat Transfer (AHT) rate profiles for all cases. Note that the trends in the final values of cumulative AHTR match the trends in the IMEP values, see also Table 2. The results indicate that there are no significant changes in the general shape of the pressure curves for all conducted experiments. When post injection schemes were employed, the peak in-cylinder pressure was generally decreased, but peak measured values lie within 2% of the base case value. The corresponding AHTR curves in Figure 1 evidently reveal a second peak in the respective profiles, indicating the combustion of the post-injected fuel. Further analysis shows that when the late injection of fuel was close to the main combustion phase, i.e. Cases A and B, the cumulative apparent heat transfer was higher, while the opposite was true for Cases C and D. The additional heat associated with the post-injection event (locally between 10 and 25 CAD aTDC) slightly modified the charge’s pressure and temperature. Although there were no temperature measurements available, estimations based on the equation of state suggests that Cases A, B and D result in ca. 40 K higher temperatures at 30 CAD aTDC, while Case C was close to the Base Case. Note that this temperature difference is higher (approximately 60-70 K) at 80 CAD aTDC, where actual in-cylinder T is estimated to be around 900 K at the given piston position. The combustion phasing, as indicated by CA50, i.e. the crank angle location where the 50% of the total heat release rate has occurred, was increased in comparison to the Base Case for all the considered cases. The increase of the post injection fuel amount (and hence the consequent decrease in the amount of the main fuel pulse, so as to maintain a constant carbon content per cycle) led generally (the exemption being the latest post injection Case D) to reduced combustion duration, as indicated by the values of the difference CA90-CA10 (see Table 2). The resulting IMEP is mainly affected by post injections close to the main combustion event, i.e. Cases A, B (apparently more so in Case B, where more fuel is injected) while the IMEP obtained from schemes with post injections at 10 or 15 CAD aTDC, i.e. Cases C, D, remained relatively unchanged in comparison to the Base Case. On the other hand, as the post injection was retarded relative to the main pulse, the maximum pressure rise rate decreased; a fact that will, arguably, reduce combustion noise.

4. Flame luminosity and chemiluminescence signals
Figure 3 presents the integrated flame natural luminosity signal for all cases which shows that combustion activity can be either prolonged or shortened when post injection is employed (cf. CA90 and combustion duration values in Table 2). Both the dwell time between the main and the post injection as well as the amount of the post injection fuel, influence the recorded natural luminosity signals. When a short dwell is employed (Cases A and B), peak luminosity location is approximately 5 CAD retarted as compared to the location of the peak in the Base Case, essentially indicating that the combustion imposed by the post-injection is expressed as an extension of the main combustion event. In the cases of a longer dwell (Cases C and D), two distinct peaks can be observed, suggesting a second, discrete combustion event due to the post injection. 
Closer inspection of the raw images of the Base Case, suggest that the flames of the main injection are closer to the engine walls, and due to the limited optical access of the equipment (see Section 2), there is incomplete information about the main combustion event. In Cases A and B, the associated to the post injection event flames, produce luminosity in a larger portion of the optically accessible area, resulting thus to a higher signal. The above can be also corroborated by the fact the in the Base Case, the main injection involves higher fuel mass, acquiring thus higher kinetic energy and resulting in a longer penetration length, leading eventually to wall impingement.
When the amount of the post injection fuel is doubled (Cases AB), peak natural luminosity is increased and the corresponding signal remains at higher levels during the expansion stroke. As a consequence, the luminosity signal in Case B is detected later in the cycle, signifying that detectable soot oxidation takes place for longer. Note that CA90 of Case B is also retarded as compared to CA90 of Case A (Table 2). On the other hand, the longer dwell Cases C and D feature a lower than the Base Case first local peak (around 8-10 CAD aTDC) and reach the maximum natural luminosity signal when the combustion of the post injected fuel takes place. Finally, although both Cases C and D feature the same post injection amount, the higher late (20 – 30 CAD aTDC) local peak in Case D comes in agreement with the values of the associated cumulative energy release reported in Table 3 (see also discussion later). 
Figures 4-6 present the integrated CH*, OH* and C2* signals, respectively. Processes which are detected as apparent heat transfer are strongly linked to the overall mixture charge reactivity and, therefore, to the intensity of CH* signal, as the latter is a typical flame front marker. Any post-injection strategy prolongs charge reactivity (higher CH* signal after 10 CAD aTDC), because a certain amount of fuel is injected later in the cycle, see Figure 4. Note the relative higher noise-to-signal ratio in the long dwell Cases C and D, mainly attributed to the overall lower intensity recorded (all images have been acquired with the same resolution of signal intensity). Charge reactivity is not noticeably affected when the post injection amount increases (cf. Cases A and B respectively) at least on the evidence that the peak CH* signal is not significantly affected, in agreement with Fig. 1, where the local AHTR values are almost the same. 

CH* chemiluminescence signals can be used to discuss the delay period between fuel injection and combustion. For Cases A and B, the CH* peak occurs slightly later than the peak of the Base Case (approx. 15 vs. 12 CAD aTDC respectively) indicating the extended mixing and reaction period induced by the post injection (cf. also C2* signal peaks in Fig. 6). The effect of post injection fuel mass (2 mg in Case B, 1 mg in Case A) does not seem to affect the location of the peak signal and only results in a higher peak value. Thus, the higher kinetic energy associated with the higher fuel amount is also directly translated as enhanced local mixing and reactivity. The long dwell Cases C and D feature significantly lower overall peak integrated CH* signals. It is interesting to note that the peak of CH* signals in the short dwell post-injection cases occurs ca. 10 CAD after the post injection timing, whereas in the long dwell cases after ca. 8 CAD of the post injection, indicating the effect of the in-cylinder thermodynamic conditions at the moment of post-injection. 

All considered post injection strategies extend the duration of the heat release zone, as may be inferred from the analysis of the OH* chemiluminescence measurements, see Figure 5. While the onset of OH* signal for all cases occurs almost at the same location, Case D starts a bit earlier and feature a noticeable early local peak, similar to the behaviour observed for the CH* case as well (see Fig. 4). This difference in the early behaviour of OH*, particularly, between Cases C and D, is troublesome. However, analysis of all individual cycles recorded suggest that this behaviour is consistent and it can be possibly attributed to the slightly different intake air mass recorded for Case D. OH* results indicate that when the fuel mass is doubled and the timing is retained (Cases A and B), the heat release processes are intensified. Case B, as compared to Case A, features similar peak CH* signal, but, higher peak OH* signal; it can be inferred that, besides the overall lean conditions (equivalence ratio ≈ 0.8 for all cases studied), the local O2 concentration due to mixing and turbulent motion may not be sufficient to completely oxidize the additional fuel, and thus to provide a more vigorous additional local heat release, in Case A. This can be can be further supported by the higher C2*peak value of Case A as compared to Case B (see Fig. 6); fuel rich pockets occupy larger cylinder area and reduce O2 availability. 

OH* and CH* signals peak at the same location for Case C and for Case D as well, and generally follow the local peak in the apparent heat transfer rates (AHTR), see Fig. 1. The long dwell Cases C and D of the late post injections at 10 and 15 CAD aTDC respectively, result in a secondary heat release zone, in agreement with the observations made earlier with respect to CH* chemiluminescent species (CH* indicates the existence of a flame front, OH* depicts the associated heat release). 

Measurements of C2* provide, in Figure 6, an insight on the effect of the late injection on exhaust stream and post injection mixing and, in conjunction with mixture reactivity and heat release observations (see earlier discussion on CH* and OH*), further support the arguments on flame pattern identification. Following the discussion made in the natural luminosity section, the onset of C2* signals for Cases A-D is recorded earlier than the respective signal of the Base Case. For Cases A and B (post injection close to TDC), there is a virtual overlapping of reacting premixed fuel rich areas between the post injection and the main combustion event until 20 CAD aTDC. Peak values in Cases A and B are much higher than the peak value of the Base Case because of wall impingement and optical limitations (see also discussion above and in the natural luminosity section). In Cases C and D, on the other hand, the recorded C2* signal peaks between 20 and 30 CAD aTDC in the associated with the post injection combustion event, indicating thus the increased extent of the induced mixing and reaction by a retarded post injection scheme. Note that the relative C2* peak location in Cases C and D agrees with the respective post injection timing. Despite the same fuel mass injected in the post-injection, Case C features a higher peak in the C2* signal as compared to Case D, indicating that a post-injection under a hotter environment (5 CAD advanced post-injection) enhances the local formation of reactive fuel rich pockets. 

Overall, the combined analysis of optical measurements and pressure traces can be beneficial for delineating the effect of the post injection strategy on in-cylinder combustion evolution. Indications based on pressure trace analysis can be further explained and discussed on the evidence of optical information inside the cylinder. In Cases A and B (shorter dwell of 10 CAD) all signals evolve smoothly and one can suggest that the reactivity imposed by the post injection extends the reactivity provoked by the main injection event. The larger post injection fuel amount (Case B) results in higher levels of heat release (higher OH* than Case A) and flame reactivity (higher CH* than Case A), while, naturally, the existence of fuel rich reactive pockets is restricted (lower C2* than Case A). The above are in agreement with the broader natural luminosity profile and the higher local ARHT at ca. 8 CAD aTDC. 

When a longer dwell between the main and the post injection is applied, the combustion induced by the post injection is separated from the main combustion event. Moreover, the particular post injection timing during the expansion cycle is of importance. In Case C, where post injection occurs in a hotter environment than Case D (post injection at 10 vs. 15 CAD aTDC), a broader flame inside the cylinder results in higher total CH* signal, that is however accompanied by overall less intense heat release (lower OH*, as well as lower local ARHT peak). Finally, presumably due to the shorter lift-off height of the post injection flames in Case C over Case D, more fuel rich reactive areas can be detected in the line-of-sight measurements (higher C2* signal). 

5. Laser induced incandescence
Figure 7 shows the bore-averaged recorded pLII signal intensity at 31 and 50 CAD aTDC for all cases considered; the signal was normalized by the maximum recorded value among all cases considered. It is curious to note that for the Base Case the total captured signal at 50 CAD aTDC is greater than the one at 31 CAD aTDC. This may either be attributed to the effects of the limited optical access (the laser sheet is visible in the pictures of Fig. 8) and/or to the redistribution (e.g. recirculation) of the charge, and hence of the soot also, towards the centre of the bore, due to the reverse-squish flow induced by the piston movement. It may also be partly attributed to the fact that the soot oxidation ‘freezes’ as the in-cylinder volume expands. The opposite behaviour is captured for the cases featuring post injections. The greater reduction is recorded for Cases C and D although, for these cases, the pLII signal and, presumably, the analogous soot concentration, is substantially higher in comparison to the Base Case and Cases A and B as well. The pLII signal for Case B is the lowest of all cases and, in fact, at 50 CAD aTDC is even less than the Base Case, exhibiting the overall lower recorded pLII signal intensity. This is to be contrasted with Case A, for which the post injection is realized at the same timing as Case B but with less injected fuel mass. This additional fuel, during the post injection, presumably creates conditions favourable for soot oxidation via an increase in the bulk gas temperature and enhanced mixing (see earlier discussion on the chemiluminescence signals). In the context of engine operation, this may prove particularly beneficial as the cylinder charge has equal carbon content for all cases considered, while Case B exhibits the higher IMEP value.
The effect of the post injection schemes on in-cylinder soot emissions is further discussed via assessing the spatial distribution in flame luminosity in terms of broadband visible, UV (OH*), CH* and C2* chemiluminescence, against planar pLII measurements at 31 and 50 CAD aTDC. Figure 8a presents superimposed and ensemble averaged images of flame spectroscopic measurements at 31 CAD aTDC (upper) and the corresponding pLII imaging measurements (lower) for the same piston position. Accordingly, Fig. 8b shows similar findings for 50 CAD aTDC. The images exhibit the following colour coding; visible flame luminosity is depicted in White, and the chemiluminescent intensity signal of CH*, C2* and OH* are shown as Red, Green and Blue respectively. This approach is beneficial as, for instance, the OH* signal intensity can facilitate arguments related to the overall soot oxidation (since OH* is linked with the local heat release processes) and, thus, the availability of oxidation agents in the charge. According to the current understanding of the soot oxidation mechanisms (e.g. O’Connor and Musculus, 2013; Oppenauer and Alberer, 2013), soot precursors as well as soot particle oxidation by OH radicals can be of equal importance to the direct oxidation via O2. Indeed, in the present dataset, OH* chemiluminescence and natural luminosity signals are substantially intensified, indicating that the post-injections contribute to the creation of conditions conducive to soot oxidation. This is in agreement with the expectation that the fuel in the post-injection serves as a ‘trigger’ for the enhancement of local mixing towards the oxidation of any remaining carbonaceous products from the main combustion. In particular, Case B shows at 31 CAD aTDC a more homogenized distribution of both OH* and C2* species as well as excited CH* radicals all over the chamber, indicating enhanced premixing and, as a result, improved soot oxidation, as compared to Case A. This is not the case for Cases C and D, where post injection flame “fingers” are still observable in both chemiluminescence and pLII measurements. Moreover, the topography of the chemiluminescence measurements and, in particular, the poor overlapping of CH*, OH* and C2* radicals implies that a significant portion of the detected soot will not be further oxidized for Cases C and D. 
A close coupled main and post injection scheme may prove beneficial for end-soot reduction due to enhanced mixing and oxidation; engine-out soot levels will be determined by the combined effects of the enhanced mixing between the soot (originating from the main combustion event) and the oxygen that remains available during the post injection and the increased temperature and chemical reactivity resulting from the post-injection burn (e.g. Barro et al., 2012). Overall, although it cannot be quantified, the acquired images suggest that in-cylinder mixing is enhanced in the expansion stroke via the post injection event; this is corroborated by the presence of radial gradients in the natural luminosity images at higher CADs in Fig. 8, and is in agreement with previous work, e.g. Desantes et al. (2007). 
The combined thermodynamic and optical analysis of the present work can be beneficial in explaining the observed the trends. Table 3 shows the total (i.e. including a heat loss estimate according to Woschni, e.g. Heywood, 1989) apparent heat transfer from the end of the main injection (approx. 3 CAD aTDC, common to all cases) to the end of the overall combustion process (as indicated by the CAD value where the cumulative apparent heat reaches an upper limit) for all cases investigated. This energy addition during the expansion stroke results in favourable conditions for soot oxidation and, along with the induced turbulence from the injection itself, which enhances mixing, soot oxidation is enhanced. It is evident that for Case B the energy released during the post injection event is the highest amongst all cases and this correlates well with the pLII measurements for Case B, which exhibit the lowest levels of soot at 50 CAD aTDC.

6. Summary and conclusions
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]The combination of pre- and post-injection events was experimentally investigated in an optical single-cylinder low duty diesel engine operated in a PPC mode under low load, low speed (ca. 2.0 bar IMEP, 1200 rpm) conditions. The work focused on the influence of the amount of post injected fuel and timing on flame patterns and the respective implications on exhaust soot emissions. Results are deduced via a combination of in-cylinder pressure trace analysis, spectroscopic chemiluminescence measurements and LII signals at selected CAD. In particular, the diverse combustion patterns are visualized by means of high speed imaging of flame natural luminosity and CH*, C2* and OH* chemiluminescence, while planar LII experiments at 31 and 50 CAD aTDC indicate the soot concentration at the given piston position. As a result, a magnitude of evidence regarding soot oxidation rates, overall reactivity, premixed fuel rich areas and oxidation zones is captured. Results indicate that flame intensity is strongly affected when post injection is employed close to the main injection event, whereas a retarded post-injection event leads to a virtually second flame front formation. An increase of the post-injected fuel amount close to the main combustion event does not significantly affect the flame structure and evolution, whereas post injection further retarded during the expansion stroke leads to higher soot-out emissions. Increased injected fuel at a given timing enhances the reaction zone to span a larger area (and presumably volume) in the cylinder, while local premixing levels remain essentially unaffected. The reactivity induced by the post-injection is a key parameter in the determination of the extent of soot oxidation; the injected fuel amount in Case B was more efficient in terms of enriching fuel-lean areas in the partially premixed zone and in turn lead to faster completion of reaction. This is even more pronounced in Case C, where the smaller dwell of post-injection schedule after the TDC fuel injection increases flame luminosity, as well as mixture reactivity and premixed zones as noted through the total recorded signal of CH* and C2* respectively. The analysis also suggests that optimization of timing and amount of the post injection should consider the combined effects of oxygen enrichment of fuel lean areas, the further increase of the in-cylinder temperature, and the enhanced burn-out mixing conditions. Overall, results suggest that a careful employment of an appropriate fuel amount close to the main combustion phasing may reduce end-soot emission for low load, low speed engine operation. This could be accompanied by increased IMEP levels at the same specific fuel consumption (same carbon content is injected per cycle) at the expense of engine noise, as the maximum pressure rise rate is slightly increased. The work provides a roadmap for future, in-depth investigation of the given combustion regime at low load to medium engine speeds and loads. 
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