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Abstract 

Compared to conventional diesel combustion (CDC), isobaric 

combustion can achieve higher thermal efficiency while lowering 

heat transfer losses and nitrogen oxides (NOx). However, isobaric 

combustion suffers from higher soot emissions. While the 

aforementioned trends are well established, there is limited literature 

about the high-temperature reaction zones, the liquid-phase 

penetration distance, and the flame tip propagation velocity of 

isobaric combustion. In the present study, the line-of-sight integrated 

imaging of Mie-scattering, combustion luminosity, and CH* 

chemiluminescence were conducted in an optically accessible single-

cylinder heavy-duty diesel engine. The engine was equipped with a 

flat-bowl-shaped optical piston to allow bottom-view imaging of the 

combustion chamber. The experiments were conducted using n-

heptane fuel for CDC and isobaric combustion modes. The peak 

cylinder pressure (PCP) and the fuel mean effective pressure (Fuel 

MEP) for both combustion modes are kept as 70 bar and 19 bar, 

respectively. For a given combustion mode, flame image 

velocimetry (FIV) analysis was performed on the consecutive 

combustion luminosity image pairs to obtain in-flame flow-field 

details, and the liquid-phase penetration distance and flame tip 

propagation velocity were also estimated. The combustion 

luminosity and FIV analysis show that compared to CDC, isobaric 

combustion has resulted in less prominent flame-flame interactions, 

which explained the lower heat release rate. Double-injection-based 

CDC has resulted in a shorter spray penetration distance compared 

to triple-injection-based isobaric combustion; however, shorter than 

the boundary of piston-bowl wall. In addition, it was found that CDC 

has a sudden increase in flame tip propagation velocity preceded by 

flame propagation due to flame-piston bowl impingement from the 

second injection and successive movement towards the squish 

region. However, isobaric combustion showed a trend of constant or 

slightly decreased flame tip propagation velocity for which the 

second injection flames remain within the piston bowl wall.  

Introduction 

Improved fuel economy and thermal efficiency without 

compromising the strict current emission regulations is a 

challenging concern for diesel engine developers. To increase the 

thermal efficiency with the simultaneous reduction of particulate 

matter (PM) and nitrogen oxides (NOx) emissions, various low-

temperature combustion concepts including homogenous charge 

compression ignition (HCCI) [1–3], reactivity controlled 

compression ignition (RCCI) [4–6], and partially premixed 

combustion (PPC) [7–10] over a wide speed-load range have been 

explored. However, these combustion regimes have not resulted in 

a significant improvement in brake thermal efficiency (BTE) due to 

the energy losses associated with combustion, heat transfer, exhaust, 

pumping, and friction.  

Isobaric combustion has shown the potential of achieving high 

engine efficiency while improving the individual losses of heat 

transfer and exhaust when coupled with a heat recovery system such 

as split-cycle concepts. Isobaric combustion achieved using single-

injector-based multiple injections [11–13] or multiple injectors [14–

19] can effectively control the heat release rate profile while keeping 

the peak cylinder pressure (PCP) and bulk gas temperature lower 

than conventional diesel combustion. Due to reduced flame 

temperature, isobaric combustion has the benefits of lower heat 

transfer losses with reduced thermal NO formation. However, one 

challenging concern is that soot emissions increased with isobaric 

combustion [20]. While several studies demonstrated the 

performance analysis and emission characteristics of isobaric 

combustion using multiple injections [11,12,21,22], the following 

research questions need better understanding from optical 

diagnostics perspective:  

1. How the spray distribution and overall flame development 

process differ between isobaric combustion and CDC?  

2. Why isobaric combustion result in higher soot emissions 

compared to CDC? 

To answer these research questions, the present study utilizes three 

optical diagnostics i.e. Mie-scattering, high-speed combustion 

luminosity, and CH* chemiluminescence one at a time, in a single-

cylinder heavy-duty optical diesel engine. The combustion modes of 

CDC and isobaric combustion were compared at constant Fuel MEP 

of 19 bar and PCP of 70 bar, using n-heptane fuel, representing close 

to mid-load conditions in a real engine. The number of injections 

were two for the CDC case and three for the isobaric combustion. 

The CH* chemiluminescence images provide an indication of high-

temperature reaction region during the initial flame development 

process. The high-speed combustion luminosity images were further 

used to analyze the flow-field details within the flames to enhance 

the understanding of the flame-wall and flame-flame interaction 

regions.  Finally, quantitative information about the liquid-phase 

spray penetration distance and flame tip propagation velocity was 

estimated using background illumination-based Mie-scattering and 

combustion luminosity, respectively. The liquid phase spray 

penetration lengths obtained from a non-reacting environment will 

further enhance the understanding of flame development and 

interaction mechanism during combustion. 
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Methodology 

The optical engine test facility 

The schematic of a single-cylinder heavy-duty optical diesel engine 

is illustrated in Figure 1. The engine has been modified from the 

conventional six-cylinder D13 Volvo engine such that only one 

cylinder is active. The engine has a displacement volume of 2130 

cm3 with bore and stroke of 131 and 158 mm, respectively. A flat-

bowl piston-top glued on the titanium holder in addition with 

windows-holder, Bowditch extended piston, and metal-liner 

provides bottom-view and side-view optical access to the 

combustion chamber. The piston bowl is 22 mm deep and the entire 

piston is made up of quartz. Compared to the ω-shaped piston used 

in our previous studies [14,23], a flat-bowl piston is preferred such 

that the distortion correction from the bottom-view imaging can be 

circumvented. One of the side quartz windows of the windows 

holder was utilized for background illumination during Mie 

scattering imaging, while the other windows were unused. The 

engine has a geometric and effective compression ratio of 15 and 

11.7, respectively, as listed in Table 1. The reduced effective 

compression ratio was a result of unavoidable blow-by losses 

through the piston rings. A centrally mounted non-pumping solenoid 

injector with 6 nozzle holes and nominal hole diameter of ~240 μm 

along with a distributed pump common-rail system was used for the 

direct injection of n-heptane. 

The engine was tested at a fixed speed of 1200 revolutions per 

minute (rpm) using an AC motor. The engine operating conditions 

are shown in Table 2. Two combustion conditions of conventional 

diesel combustion (CDC) and isobaric combustion were conducted. 

The peak motoring pressure (PMP) of CDC and isobaric combustion 

were fixed at 50 and 70 bar respectively with the peak cylinder 

pressure (PCP) of 70 bar selected for both cases. This is consistent 

with our previous studies [12–14]. The desired PMPs were attained 

using intake air pressure of ~1.7 bar for CDC and ~2.2 bar for 

isobaric combustion. The exhaust pressure was kept ~0.2 bar higher 

than intake pressure to mimic the metal engine conditions, thereby 

replicating that of the turbocharger [11,12]. The intake air and 

coolant/oil temperature were maintained at ~25°C and 80°C 

respectively. The common-rail pressure was fixed at 1500 bar using 

a high-pressure pump and pumping solenoid injector and 

experiments were conducted using n-heptane fuel. The fuel injection 

timing and corresponding duration for both the cases are listed in 

Table 2. The injected fuel mass per cycle and fuel mean effective 

pressure (Fuel MEP) were kept at ~90 mg and ~19 bar, respectively. 

Fuel MEP is defined as the amount of fuel added per cycle multiplied 

by its lower heating value divided by the displacement volume. For 

the given PCP and Fuel MEP, the overall air-excess ratio for CDC 

is estimated at 3 while 4.2 for isobaric combustion. 

A 5/20 skip firing mode was used for this study. This means that the 

fuel was injected every five continuous cycles followed by 20 

motoring cycles. The selected number of firing cycles helped to 

maintain the stable operating conditions while the followed 

motoring cycles minimized the thermal stresses on the side quartz 

window and optical piston. A total of 25 firing cycles were 

ensemble-averaged to determine the in-cylinder pressure and rate of 

heat release (RoHR) analysis.  

 

Table 1. Engine specifications  

 

Table 2. Engine operating conditions 

Engine speed [rpm] 1200 

Intake/Exhaust pressure [bar] CDC ~1.7/1.9 

Isobaric ~2.2/2.4 

Intake air temperature [°C] ~25 

Coolant and oil temperature [°C] ~80 

Common-rail pressure [bar] 1500 

Fuel n-heptane 

Fuel injection timing  

[°CA aTDC] 

CDC -7 , -2  

Isobaric -3, 2, 9 

Fuel injection duration [μs] CDC 250, 750 

Isobaric 270, 300, 650 

Overall air-excess ratio [λ] CDC 3 

Isobaric 4.2 

Injected fuel mass [mg/cycle] ~90 

Fuel MEP [bar] ~19 

Peak motoring pressure [bar] CDC 50 

Isobaric 70 

Peak cylinder pressure [bar] 70 

Firing mode Skip (5/20) 

Single-cylinder displacement 

volume [cm3] 

2130 

Bore [mm] 131 

Stroke [mm] 158 

Compression ratio 15 (geometric) 

11.7 (effective) 

Fuel injection system Delphi F2E common-rail 

Number of nozzle holes 6 

Umbrella angle of injector 

nozzle [degrees] 

145 

Nominal hole diameter [μm] ~240 
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Bottom view imaging of Mie scattering, combustion 

luminosity, and CH* chemiluminescence 

The imaging of Mie scattering using background illumination from 

a 350-Watt halogen light source and combustion luminosity were 

captured using a high-speed CMOS camera (Photron Fastcam SA-

X2) equipped with a 50 mm lens (Nikor). The camera frame rate for 

both imaging was set to 40 kHz which caused a temporal resolution 

of 0.18°CA between frames at a given engine speed of 1200 rpm. 

An image resolution of 768 x 768 and 512 x 512 were selected for 

Mie scattering and combustion luminosity, respectively. The 

exposure time and lens aperture of 6.25 μs and f/2.8 for Mie 

scattering, and 1 μs and f/8 for combustion luminosity were 

respectively chosen for achieving the best signal strength.  A neutral 

density filter (ND3, ThorLabs) was used to reduce the signal 

saturation particularly during the later flame development process 

such that the required contrast for FIV analysis can be performed. 

The images were taken for a total of 25 firing cycles at each 

operating condition.  

Due to the exothermic chemical reaction of hydrocarbon flames, the 

chemiluminescence characteristics of electronically excited radicals 

are produced. In this study, CH* chemiluminescence as a widely 

used flame marker of high-temperature reaction zones was 

investigated [24–26]. The line-of-sight integrated imaging was 

performed using an ICCD camera (PI-MAX 4) and a 50 mm f/4 

visible lens over the wavelength range of 380-760 nm. The CH* 

signals had interferences with soot radiation and CO2* [27] and to 

reduce the background emissions three optical filters (FF01-

451/106-25, BLP01-355R-50, and FF01-390/40-25) were used to 

isolate the emissions at 400-430 nm range. Despite the filter 

combination used in the present experiment, the soot luminosity 

signals will dominate at later crank angles, and hence to avoid this 

strong interference of soot luminosity, the CH* imaging was 

recorded only before significant soot luminosity is seen. The image 

resolution, the intensifier gate, and camera gain were set to 1024 x 

1024, 5 μs, and 50%, respectively. At a selected crank angle location 

and operating point, a total of 25 CH* chemiluminescence images 

were captured. Noting that different imaging techniques used in this 

study were conducted one at a time while keeping the focusing plane 

of imaging constant at TDC which is 3 mm from the fire deck for all 

these three optical diagnostics.  

Flame image velocimetry (FIV) analysis, spray 

penetration distance, and flame tip propagation 

velocity calculation 

In this study, the raw high-speed soot luminosity images were 

processed using LaVision Davis 8.4.0 software for FIV analysis, and 

the flow chart methodology for calculating the vector flow-field is 

illustrated in Figure 2. Through FIV, the change in the soot 

 

Figure 1. Schematic of single-cylinder optical Volvo diesel engine, and 

diagnostics setup for CDC and isobaric combustion experiments. 

 

 

 

Figure 2. Flame image velocimetry (FIV) methodology for estimating the 

in-flame flow-field distribution from high-speed combustion luminosity 

images. 

 

 

 

Figure 3. An example of spray penetration distance and flame tip 

propagation velocity calculation from Mie Scattering and combustion 

luminosity imaging, respectively. 
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luminosity image contrast due to in-flame motion is used as a 

tracking source that was used to calculate the displacement flow 

vectors. The raw image pairs of combustion luminosity were pre-

processed using 3 x 3 Gaussian smoothing and sharpening filters for 

minimizing the background noise and contrast enhancement, 

respectively. This was followed by a PIV time-series operation 

which includes the following steps: circular geometric mask set up 

for the region of interest, a sequential cross-correlation algorithm 

applied to consecutive image frames using multi-pass Discrete 

Fourier Transform (DFT), and a universal outlier detection median 

filter for removing the erroneous vectors. The detailed optimization 

procedure for FIV is based on our previous works conducted in the 

same engine [13,14]. 

High-speed liquid phase spray imaging is utilized to obtain the spray 

penetration length by detecting the liquid tip of spray images. As a 

pre-processing step, one out of six symmetrical jets was selected 

from the raw image, as shown in Fig. 3 (top row), and image rotation 

and cropping operations are consequently performed. This is 

followed by the binarization step, where the threshold is kept as 10% 

of the peak luminous intensity of the image [28]. This results in a 

binary image i.e. black and white image which allows detecting the 

liquid tip, i.e. the farthest white pixel identified as represented by the 

solid white line. Therefore, the penetration distance is obtained for 

each image which is defined as the distance from the injector nozzle 

tip to the farthest detected liquid tip, annotated by L. The obtained 

spray penetration lengths in pixels are finally converted into mm by 

using the calibration factor of 768/131 pixel/mm. 

For flame tip propagation velocity calculation, the high-speed 

combustion luminosity images are used, as shown in Fig. 3 (middle 

and bottom row). Similar image processing steps i.e. image rotation, 

cropping, and binarization are implemented as in spray penetration 

distance to detect the flame tip. Once the flame tip is detected, the 

difference in the consecutive flame tip length is divided by the time 

step (i.e. the inverse of frame rate) to obtain the flame tip 

propagation velocity. Out of total 25 and 5 consecutive firing cycles, 

the first three cycles per run did not result in proper combustion. 

Therefore, the last two firing cycles per run and a total of 10 firing 

cycles were used to estimate the flame tip propagation velocity. 

Results and Discussion 

In-cylinder flame visualization and flow-field 

distribution 

Fig. 4 shows the mean luminosity intensity plot (center), and 

corresponding images of combustion luminosity for CDC (top row) 

and isobaric combustion (bottom row). The images are selected 

from the fifth firing circle, which is similar to the averaged pressure 

trace. In each image, the corresponding crank angle location is 

shown in the top-left corner. The inner-circle shows the bowl-wall 

boundary (77 mm diameter) and the outer circle shows the squish 

region boundary (130 mm diameter) of the flat-bowl piston. The 

peak luminous intensity counts are found similar for both CDC and 

isobaric combustion; however, for the latter case, the location of 

peak intensity occurred at later crank angles due to late second and 

third injection events. The overall flame luminosity is stronger for 

the isobaric that the CDC, suggesting a higher level of soot in 

isobaric combustion. For CDC, the initial luminosity signals were 

 

Figure 4. The mean luminosity intensity (center), along with combustion luminosity imaging for CDC (top row), and isobaric combustion (bottom row), indicating 

the overall flame development process.  
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found close to the bowl-wall at 5.6°CA aTDC wherein the rich 

mixtures formed around the bowl-wall from the early first injection 

due to the jet-wall interaction resulting in the initial flame 

development. These flames merge with the other localized flames at 

7.2°CA aTDC and at 9.6°CA aTDC, the flames cover the entire 

combustion chamber resulting in peak intensity count. For isobaric 

combustion, the initial flame corresponding to the second injection 

event develops around the nozzle holes with distinctive jet patterns, 

consistent with our previous study [13]. At 9.6°CA aTDC, these 

flames reach the bowl-wall and show a first small peak of luminous 

intensity. 13.7°CA aTDC shows the advent of the third injection 

flames into the existing flames of the second injection, which at 

17.5°CA aTDC causes the second (main) peak of luminous intensity 

due to strong flame-wall interaction regions.  It can be thought that 

for isobaric combustion due to prolonged flame-wall interaction 

regions till later crank angles with overall lower in-cylinder 

temperature [11,13] resulting in lower soot oxidation and higher 

soot emissions compared to CDC. The lower in-cylinder 

temperature in isobaric combustion could be attributed to the spray-

flame interaction by injecting the liquid fuel into the hot burnt zones 

at retarded injection timings. It can be seen that the overall flame 

coverage area is lower for isobaric combustion with flames 

sustained in the squish region at later crank angles which would 

result in higher CO and uHC emissions, as reflected in the metal 

engine experiments [11,12].  

 

Figure 5. The in-cylinder pressure, rate of heat release (RoHR) traces and injection current (center), along with CH* chemiluminescence imaging for CDC 

(top row), and isobaric combustion (bottom row), indicating the high-temperature reaction zones. 
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The averaged in-cylinder pressure and rate of heat release traces for 

CDC and isobaric combustion are shown in Fig. 5 (center). Although 

the isobaric combustion results in late combustion phasing (CA50) 

i.e. 15.2°CA aTDC compared to CDC i.e. 4.8 °CA aTDC, the gross 
IMEP of isobaric combustion (6.5 bar) is higher than that of CDC 

(5.9 bar), hence resulting in higher gross indicated efficiency in 

isobaric combustion. This observation is consistent with the previous 

metal engine [11] experiment although the efficiency values are 

lower due to the nature of the optical engine and could be attributed 

to the following factors: lower intake air temperature in an optical 

engine to prevent the wear-out of piston rings, ignition delay 

differences of n-heptane fuel in optical engine compared to diesel 

fuel in the metal engine, and skip-firing mode in optical engine 

compared to continuous firing engine operating mode in the metal 

engine. 

To understand the high-temperature reactions during the initial 

flame development process, the CH* chemiluminescence images are 

also shown in Fig. 5 for CDC (top row) and isobaric combustion 

(bottom row). Out of total 25 single-shot images and due to shot-to-

shot variations, the images are selected from the fifth firing cycle, 

which imitates the averaged pressure trace closely. CDC shows a 

single-peak while the isobaric combustion shows two-peak RoHR 

characteristics, similar to the trend of luminous intensity (Fig. 4). It 

was found from Fig. 4 that the initial luminosity signals for CDC 

appear near the bowl-wall at 5.6°CA aTDC which is in contrast with 

the CH* signals as they develop around the nozzle holes showing 

distinctive jet structures at 1°CA aTDC. This is confirmed from the 

CH* chemiluminescence that initial signals during the combustion 

luminosity imaging were not captured which is probably due to the 

use of a neutral density filter to prevent camera saturation at later 

crank angles. The CH* signal develops along the jet axis and travel 

towards the bowl-wall later at 5°CA aTDC. Isobaric combustion 

shows a similar jet structure from CH* signals as that of CDC, 

however, at later crank angle location of 5°CA aTDC but still 

2.2°CA earlier than corresponding first signals from combustion 

luminosity imaging. 

Fig. 6 shows the flow-field distribution for the complete field of 

view (i.e. bowl-wall and the squish region) for both CDC and 

 

Figure 6. The flow-field distribution within the flames for CDC (top row) and isobaric combustion (bottom row). 

 

 

 

Figure 7. The injection current and estimated spray penetration distance for 

CDC and isobaric combustion. 

 

 

 

Figure 8. The estimated flame tip propagation velocity for CDC and 

isobaric combustion. 
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isobaric combustion at the top and bottom row, respectively. The 

velocity field obtained from the FIV analysis provides much more 

detailed information revealing distinct flow patterns than the mere 

visual inspection of high-speed luminosity images (Fig. 5). Since 

FIV is dependent on the luminosity of hot soot particles within the 

flames, the analysis was conducted around the peak intensity regions 

for a given combustion mode (Fig. 4). For CDC at 7.2°CA aTDC, 

some of the vectors are directed towards the squish region while 

others move towards the center of the combustion chamber after jet-

bowl impingement. At 9.6°CA aTDC strong sign of flame-flame 

interaction is observed at 1 and 7 o’clock positions, which is 

representative of the peak luminous intensity (Fig. 4). While the 

flow field distribution is similar for both cases, one characteristic 

difference is the absence of strong flame-flame interaction zones and 

more distinctive flame structures for isobaric combustion. This 

finding is consistent with our previous study conducted on the same 

engine but with a ω-shape piston [13]. The lower and overall 

stretched-out heat release period of isobaric combustion caused by 

split injection strategy is further explained from in-flame diagnostics 

showing a reduced level of flame-flame interactions. 

Spray penetration distance and flame tip propagation 

velocity 

Fig. 7 shows the injection current signal (i.e. electronic start of 

injection) and spray penetration distance of one targeted jet as a 

function of crank angle degree. The penetration distance estimated 

using high-speed Mie scattering imaging was averaged for ten cycles 

at a given crank angle location. The injection delay between the 

electronic and the actual start of injection for the first injection is 

found to be 2.5°CA for a given operating condition. With the 

increased number of injections, the injection delay decreases as the 

injected fuel amount increases. The second injection of CDC and 

isobaric combustion has resulted in a similar peak penetration 

distance of ~15-17 mm, while the third injection of isobaric 

combustion has the longest penetration distance of ~20-22.5 mm. 

Therefore, isobaric combustion with a longer spray penetration 

distance than CDC moves the flame towards the squish zone 

resulting in less pronounced flame-flame interaction as observed 

from FIV analysis.  Also note that the wall-wetting effect from the 

third injection of isobaric combustion at the given common-rail 

pressure of 1500 bar would not be an issue as it is shorter than the 

piston-bowl radius of 38.5 mm. It was found in a previous study that 

four-injection based isobaric combustion can result in a liquid phase 

penetration distance of 40 mm with a short injection dwell between 

the adjacent injections, which can cause the wall-wetting and further 

increase the  soot emissions [28]. Therefore, in this study three 

injections were implemented. How the number of injections and 

injection dwell can impact the in-cylinder fuel distribution of 

isobaric combustion can be found in the same work. 

Fig. 8 shows the flame tip propagation velocity for CDC and isobaric 

combustion during the initial flame development period. Ten cycles 

from the combustion luminosity imaging were processed and the 

error bars indicate a 95% confidence interval of the average value. 

Noting that due to small variations (i.e. ± 1-2°CA) in the initial 

appearance of flames, the flame tip propagation velocity is plotted 

with respect to time after start of the luminous signal. For a given 

combustion mode, initially very high mean flame tip propagation 

velocity (~100-150 m/s) was observed due to auto-ignition and is 

therefore not shown in Fig. 4.  For CDC, the flame tip propagation 

velocity initially decreases from ~25 to ~7.5 m/sec, remained 

constant for ~1.5°CA due to typical flame propagation, consistent 

with various previous studies [29–31]. However, a sudden increase 

in flame tip propagation velocity (~30 m/s) was followed due to the 

second injection event where the flames move towards the squish 

region (Figure 4). The flame- piston bowl wall impingement and 

subsequent movement towards the squish region explains this 

increased trend. This is further followed by a decreased flame tip 

propagation velocity as the flame eventually progressed towards the 

squish region boundary. For isobaric combustion, the overall flame 

tip propagation velocity follows constant or slightly decreased flame 

tip propagation velocity after the first luminous signal is observed. 

This is due to second injection flames which remained within the 

piston-bowl wall unlike CDC case, and therefore the flame tip 

propagation velocity has not increased. 

Conclusions 

In this study, multiple optical diagnostics of Mie scattering, 

combustion luminosity, and CH* chemiluminescence were 

conducted for CDC and isobaric combustion at a given PCP of 70 

bar. The experiments were conducted in a single-cylinder, heavy-

duty diesel engine with a flat-bowl optical piston using n-heptane 

fuel. Through combustion luminosity and CH* chemiluminescence, 

the overall flame development and high-temperature reaction zones 

were studied, respectively for a given combustion mode. Flame 

image velocimetry (FIV) analysis was also performed to deduct the 

flow-field distribution within the flames. Finally, the liquid-phase 

penetration distance and flame tip propagation velocity were 

calculated using high-speed imaging of Mie-scattering and 

combustion luminosity, respectively. The main conclusions drawn 

from this study are as follows:  

 For CDC, the initial combustion luminosity signals were 

observed near the bowl-wall followed by flame-flame 

interactions during the main heat release period. However, 

the CH* chemiluminescence signals revealed high-

temperature reaction zones at earlier crank angles and 

distinctive jet structures around the nozzle holes. This 

difference in detection of initial combustion signals is 

probably due to the use of a neutral density filter to prevent 

the over-saturated signals in capturing the combustion 

luminosity images. In comparison, the isobaric 

combustion shows an agreement with combustion 

luminosity and CH* chemiluminescence imaging with the 

initial signals appearing near the nozzle holes. 

 For CDC, the flow-field distribution shows a strong sign 

of flame-flame interaction regions, corresponding to the 

peak luminous intensity. However, for isobaric 

combustion, distinctive flames corresponding to each jet 

were observed with lesser prominent flame-flame 

interaction regions. The use of multiple injection 

strategies to achieve isobaric combustion results in lower 

peak heat release rate and in-cylinder temperature 

compared to CDC is further observed from the FIV 

analysis showing lesser flame-flame interaction. 
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 The last injection event of CDC and isobaric combustion 

has resulted in a liquid-phase penetration distance of ~15-

17 mm and ~20-22.5 mm, respectively which is lower than 

the piston-bowl radius and therefore would prevent the 

wall-wetting effect. For CDC, the calculated flame tip 

propagation velocity initially decreases due to typical 

flame propagation, followed by a sudden increase due to 

flame-piston bowl impingement and movement towards 

the squish region. In contrast, the isobaric combustion 

only shows a constant or slightly decreasing trend of flame 

tip propagation velocity. 

 The optical diagnostics have helped in explaining the 

higher soot production found in isobaric combustion. The 

longer penetration distance of the spray employed for 

isobaric combustion than CDC leads the flames closer to 

the squish zone. This results in lesser flame-flame 

interactions along with overall lower in-cylinder 

temperature which can be attributed to the spray-flame 

interaction by injecting the liquid fuel into the hot burnt 

zones at retarded injection timings. This could cause soot 

oxidation freezing and result in higher soot emissions 

compared to CDC.  
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