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Abstract 

Partially premixed combustion (PPC) often adopts the early fuel-injection strategy that could result in 

spray-wall interaction involved with piston top-land crevice. This interaction may produce a significant impact 

on engine combustion and unburned hydrocarbons (UHC) emission, which is still not well understood. In this 

study, we investigated the detailed spray-wall interaction and its effects on the two-stage ignition, i.e. low- and 

high-temperature heat release (LTHR and HTHR), and the in-cylinder spatial UHC distribution of PPC in a 

full-view optical engine at low engine load. The PRF 70 fuel was used as the gasoline surrogate. The high-

speed imaging of the natural flame luminosity was acquired to quantify the flame probability distribution. The 

qualitative fuel-tracer, formaldehyde, and UHC planar laser-induced fluorescence (PLIF) imaging techniques 

were employed to reveal the fuel, LTHR and UHC distribution characteristics, respectively. The LTHR, HTHR 

and UHC distribution formed by the fuel trapped in the piston top-land crevice were visualized by PLIF 

imaging techniques for the first time. The PLIF results indicate that the main UHC formed in the PPC engine 

comes from the central part of the cylinder close to the injector nozzle, where the overall equivalence ratio is 

low and the injector dribbling is an important source of UHC. The UHC formed in the piston crevice of the 

PPC engine depends on the local equivalence ratio of the fuel trapped in the crevice. When the overall 

equivalence ratio of the charge in the crevice is relatively high, the trapped fuel undergoes both LTHR and 

HTHR and produces negligible UHC. However, the UHC from the piston crevice becomes considerable when 

the fuel injection timing is too early so that an overly lean mixture is generated. Based on the above findings, 

three implications of the PPC operation at low engine load for low UHC emission and high engine efficiency 

are proposed. 

Keywords: Partially premixed combustion (PPC), spray-wall interaction, piston top-land crevice, spatial UHC 

distribution, planar laser-induced fluorescence (PLIF)  
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Nomenclature 

CI: compression ignition 

NOx: nitrogen oxide 

PPC: Partially Premixed Combustion 

UHC: unburnt hydrocarbon  

IMEP: indicated mean effective pressure 

NFL: natural flame luminosity 

PLIF: planar laser-induced fluorescence 

LTC: low-temperature combustion 

LTHR: low-temperature heat release 

HTHR: high-temperature heat release 

SOI: start of injections 

PRF: primary reference fuel 

CA: crank angle 

aTDC: after the top dead center 

ICCD: intensified charger couple device 

PDI: flame probability distribution index 

 

1. Introduction 

 The compression ignition (CI) engine is governed by a spray-driven diffusion combustion process – 

the fuel is ignited before the fuel and air are sufficiently mixed. As a result, achieving cleaner diesel combustion 

is difficult; in particular, increased nitrogen oxide (NOx) and soot emissions are a major problem [1, 2]. Partially 

Premixed Combustion (PPC) mode offers the potential of improved efficiency with considerably lower 

emissions when compared to the conventional CI mode. PPC enables to meet the stringent emissions norms of 

legislation through improved mixture preparation. This is mainly achieved by the early fuel injection strategy 

that also helps to controls the combustion phasing [3-5]. In addition, using gasoline in a CI engine prolongs 

the ignition delay to improve the air/fuel mixing process, unlike diesel fuel which has shorter ignition delay 

due to high reactivity [6-8]. Amongst different types of gasoline, using low-octane gasoline with research 

octane number around 70 is regarded as an ideal candidate for PPC engines due to improved CO2 benefits and 

better combustion control at low engine load conditions [9, 10]. 

 Though PPC offers the benefits of improved efficiency with simultaneous reduction of NOx and soot 

emissions, the unburnt hydrocarbon (UHC) and carbon monoxide (CO) emissions are often higher [11-14]. 

Although not fully understood, the fuel spray-wall interaction at early fuel injection timings and the subsequent 

fuel trapping in the crevice area are usually believed to be the reasons for increased UHC and CO emissions 
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[15-18]. PPC optimization studies in a thermodynamic (metal) engine hardly provide valuable insights into the 

fuel spray-wall interaction as in-cylinder fuel distribution and the combustion process cannot be visualized and 

investigated. Therefore, there is increasing attention to examine the in-cylinder phenomenon through optical 

diagnostics and correlate the findings with tail-pipe emissions [19-22]. These studies provide useful 

information to understand the combustion and emission formation process in PPC mode. Recent studies 

investigated the natural flame luminosity (NFL) of the PPC combustion process based on high-speed imaging 

techniques [23-25]. These studies determined the combustion stratification of PPC from the intensity of the 

natural flame luminosity. Increased combustion stratification was reported when the flame intensity was higher 

and weak luminous images with decreased flame intensity were related to more homogenous combustion.  

 While NFL imaging helps to understand the combustion process by examining the flame development, 

laser diagnostics provide more in-depth information on fuel distribution and various intermediate products 

during the two-stage ignition process of PPC mode. In general, the planar laser-induced fluorescence (PLIF) 

technique was used to visualize the fuel distribution and evolution of in-cylinder UHC and CO emissions [26-

29]. A study based on the PLIF technique identified the sources of spatial UHC and CO emissions for diesel 

low-temperature combustion (LTC) mode [30]. The near injector and squish regions were identified as 

significant sources of the reported emissions based on formaldehyde PLIF measurement. In addition, the 

reported study also pointed out the relevance of formaldehyde fluorescence to the fuel tracer fluorescence and 

exhaust UHC emissions. In another study, the impact of dilution on the sources of UHC and CO emission was 

evaluated when employing diesel LTC strategy [31]. The potential sources identified were the in-cylinder 

center region near the injector tip, squish volume and region within the bowl and central clearance volume. 

The injector tip UHC emanated from the fuel-lean bulk gas. While the bowl volume UHC was attributed to the 

rich mixture, the squish volume UHC was reported due to the partial oxidation of lean mixture. Similarly, other 
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studies have pointed out the formation of over lean mixture (𝜙 = 0.1 to 0.5) near the squish region and middle-

upper part of piston bowl regions as the reason for CO and UHC emissions [32, 33].   

Fuel-tracer and formaldehyde PLIF techniques were employed to study the diesel LTC extensively; 

however, the combustion concept of PPC using gasoline fuels needs to be deeply investigated through the 

combined laser diagnostics to understand the two-stage ignition, i.e., low-temperature heat release (LTHR) and 

high-temperature heat release (HTHR), and the emission formation process. The previous studies evaluated 

the combustion stratification from the natural flame luminosity (NFL) images of PPC. While the NFL images 

provided insight into the HTHR process, no useful information on LTHR and the in-cylinder spatial UHC 

distribution after HTHR could be explored. The PLIF studies carried in [30-32, 34] only imaged the fuel or 

UHC distributions in the piston bowl and squish region due to limited optical access to the very small piston 

top-land crevice. The authors’ recent work succeeded in visualizing the fuel trapping effect of the piston top-

land crevice by fuel-tracer PLIF imaging [35]. However, the following LTHR and HTHR inside the crevices, 

as well as the in-cylinder spatial UHC distribution remain unclear and need further investigation.  

In the present work, we investigated the impact of spray-wall interaction on the in-cylinder spatial UHC 

distribution during the two-stage ignition process in an optical engine at low load condition. The PRF 70 fuel 

was used as the gasoline surrogate. Firstly, the fuel distribution under different spray-wall interaction 

conditions formed by varied start of injections (SOI) timings was visualized by fuel-tracer PLIF. Secondly, we 

studied the effects of fuel distribution on the LTHR region using formaldehyde PLIF imaging. Thirdly, the 

flame probability distribution during HTHR was evaluated by the statistics on the time-resolved NFL images. 

Fourthly, the LTHR region and the spatial distribution characteristics of UHC indicated by the formaldehyde 

and UHC PLIF respectively under different SOI timings were reported and analyzed. Finally, three 

implications of the PPC operation at low engine load for low UHC emission and high engine efficiency are 

proposed based on the PLIF imaging findings. Over and all, the present study aims to gain a holistic 
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understanding of the two-stage ignition and UHC emission formation and distribution in a PPC engine. This 

study is unique in that it visualized the two-stage ignition process and UHC distribution inside the piston top-

land crevice using PLIF imaging for the first time. Moreover, the study also provides valuable experimental 

data for the validation of the three-dimensional numerical modeling of the spray-wall interaction and the 

following combustion and UHC emission for PPC.   

2. Experimental setup and optical diagnostic techniques 

2.1 Optical engine and operating conditions 

The bore, stroke and compression ratio of the single-cylinder optical engine used in this study are 85 

mm, 90 mm and 9.5, respectively. The other main engine specifications are listed in Tab. 1. The engine design 

utilizes a quartz piston crown and an extended piston sleeve that allows for optical access from the bottom of 

the piston. The piston crown has a ω-shape bowl with a raised bottom surface, as shown in Fig. 1a. The 

diameter of the combustion chamber is 50.8 mm. A quartz liner with an outer diameter of 135 mm and a height 

of 29 mm replaces the upper part of the cylinder wall and is clamped onto the bottom surface of the cylinder 

head by a hydraulic vacuum pump. The vertical laser sheet passes through the quartz liner and the in-cylinder 

phenomenon is visible from the side view. The injector nozzle is at the center of the cylinder and has eight 

evenly-spaced orifices with a spray angle of 162° and a diameter of 0.18 mm. More details about the optical 

engine can be found in [8]. 

The engine was fueled with PRF70 (70% iso-octane and 30% n-heptane by volume), which is a 

representative of low-octane gasoline type fuel and run at a speed of 1200 revolutions per minute in the 

experiment without exhaust gas recirculation. The intake pressure was 1.5 bar, producing a motored TDC 

pressure of 35 bar. The engine coolant and lubrication temperature were 333 K. The mass of injected PRF70 

for each cycle was 14 mg, forming a global fuel-air equivalence ratio of 0.28. The fuel injection pressure was 
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500 bar. The start of injection (SOI) was set at -60°, -30° and -20° CA aTDC to form different typical spray-

wall interaction situations. These cases were denoted as SOI-60, SOI-30, and SOI-20, respectively.  

A heater installed in the intake manifold preheated the supplied air to support the auto-ignition of the 

low-octane gasoline type fuel. The heater was insulated to reduce heat loss. The thermocouple was placed close 

to the intake valve (200 mm) to ensure the accuracy of intake air temperature. The intake temperatures were 

changed to fix the CA50 (the crank angle at which 50% of heat is released) of all four cases at 5° CA aTDC. 

A pressure transducer measured the in-cylinder pressure during the engine combustion process with a 

resolution of 0.2° CA. The optical engine was continuously fired for 100 cycles and the cylinder pressure was 

recorded. The last 50 cycles were processed to get the average rate of heat release. An AVL AM i60 analyzer 

measured the emissions of NOx, CO, and UHC in the exhaust. The fuel injection timing, pressure, and duration 

were controlled through the AVL FI2RE software. Table 2 summarizes the main engine operating conditions. 

                               

              (a) Side view                                                  (b) Top view 

Fig. 1. Schematic of the optical engine and the laser location relative to the fuel sprays and combustion 

chamber. The natural flame luminosity imaging and PLIF imaging were carried out separately.  

Tab. 1. Optical engine specifications. 

Bore 85 mm 

Stroke 90 mm 

Displacement 0.51 L 

ICCD Camera

Quartz Liner

Laser Sheet
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Connecting rod length 138 mm 

Compression ratio 9.5 

Combustion chamber shape ω 

Intake valve open at 30° CA bTDC 

Intake valve closed at 45° CA aBDC 

Exhaust valve open at 50° CA bBDC 

Exhaust valve closed at 25° CA aTDC 

2.2 High-speed natural flame luminosity (NFL) imaging 

When the time-resolved NFL images were measured, the laser and ICCD camera were shut down. A 

high-speed camera (Photron Fastcam SA4) equipped with a 50 mm, f/1.4 lens recorded the natural flame 

luminosity of the 50 fired engine cycles from the bottom of the piston through the UV-mirror. The frame rate 

and exposure time of the camera were set to 10000 frames per second and 100 μs, respectively. Thus, the 

temporal resolution of the acquired images was 0.72° CA at an engine speed of 1200 rpm. 

In order to minimize the interference from soot radiation, the blue channel (400-600 nm) of the RGB 

image was extracted for post-processing. The distortion caused by the curved surfaces of the piston crown 

window was corrected using a two-dimensional transformation matrix. This matrix was obtained by comparing 

the specified coordinate points of the coordinate paper with and without piston bowl distortion.  More detail 

about image distortion correction can be found in [35]. One example of the corrected image at 5.2° CA for the 

SOI-20 case is shown in Fig. 2a. The field of view for the NFL imaging shows the piston bowl region and 

squish region separated by the piston bowl wall. 

Tab. 2. Engine operating conditions 

 SOI-60 SOI-30 SOI-20 

Engine speed (rpm) 1200 ← ← 

Intake pressure (bar) 1.5 ← ← 

Intake temperature (K) 373 348 343 

Coolant temperature (K) 333 ← ← 

Lubricant temperature (K) 333 ← ← 
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Injection pressure (bar) 500 ← ← 

PRF70 mass (mg) 14 ← ← 

Fuel MEP (bar) 12.2 ← ← 

Start of injection (° aTDC) -60 -30 -20 

Overall equivalence ratio 0.28 ← ← 

 ‘←’: same to other cases 

Based on the NFL images, the in-cylinder flame distribution was evaluated by the flame probability 

distribution index (PDI), which describes the probability of flame occurrence at any specified pixel (x, y). A 

binarization process was carried out to judge whether flame appears at pixel (x, y) for each of the 50 images. 

A threshold of 10% of the maximum signal intensity, 𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, for each image was employed. If the signal 

intensity at pixel (x, y) is lower than 𝐼𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, the intensity of the binarized image at pixel (x, y), 𝑖(𝑥,𝑦), is 

assigned to 0, indicating no flame in this location. Otherwise, it is assigned to 1. Finally, the PDI at the location 

(x, y), 𝑃𝐷𝐼(𝑥,𝑦), was obtained averaging 𝑖(𝑥,𝑦) of the 50 binarized images using the following equation. PDI of 

0 means that there are no flames in the specified region, while PDI of 1 indicates flames always appear in 

location (x, y). This procedure was applied to every pixel of the image to get the PDI distribution in the whole 

field of view. 

𝑃𝐷𝐼(𝑥,𝑦) =  (∑𝑖(𝑥,𝑦)

50

1

)/50 

2.3 Fuel-tracer PLIF imaging  

The fuel-tracer PLIF imaging was carried out under non-reactive conditions by supplying the intake 

with pure nitrogen. A10 Hz crank signal produced by the engine triggered the Nd: YAG laser (Q-smart 850, 

Quantel) through a pulse delay generator (DG535, Stanford Research). Toluene of 1% by volume was mixed 

with the PRF70 fuel and served as the tracer. The fourth harmonic (266 nm, 60 mJ/pulse) of the Nd: YAG laser 

excited the toluene fluorescence. The laser beam was formed into a vertical laser sheet less than 1 mm thick 



9 
 

and 25 mm high by the LaVision sheet and collimator optics. The laser sheet was located just below the bottom 

of the cylinder head. It passed through the center of the cylinder head, intersecting two of the fuel sprays, as 

shown in Fig. 1b. The ICCD camera (PI-MAX3, Princeton Instruments) was placed on the side of the quartz 

liner perpendicular to the laser sheet. A 105 mm, f/4.5 UV-lens and a band-pass filter (FF01-292/27, Semrock) 

were coupled to the camera to capture the toluene fluorescence signal between 278 nm and 305 nm. The pulse 

delay generator synchronized the timing sequence of the signals for the laser, engine, and camera. Thirty PLIF 

images were acquired at each specified crank angle from 30 consecutive engine cycles to get the average fuel 

distribution. The image distortion caused by the optical liner and piston bowl was corrected using the same 

method mentioned for the NFL imaging [35].    

 

(a) The single-shot NFL image in true color at 5.2° ATDC for the SOI-20 case 

 

(b) The averaged fuel-tracer PLIF image at -22.5° ATDC for the SOI-30 case 

Piston Bowl Wall
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(c) The averaged UHC PLIF image at 40° ATDC for the SOI-30 case 

Fig.2. Field of view for NFL imaging (a), fuel-tracer PLIF imaging (b) and UHC PLIF imaging (c) 

The field of view for fuel-tracer PLIF imaging is illustrated in Fig. 2b by an averaged  PLIF image of 

the fuel spray at -22.5° CA aTDC for the SOI-30 case. The PLIF image presents a clear view of the interaction 

among the fuel spray, piston bowl, and squish region. Note that the height of the top-land crevice, i.e., the 

distance between the piston top and the first piston ring, was about 40 mm but only the region swept by the 

laser sheet (25 mm high) was visualized.   

2.4 Formaldehyde and UHC PLIF imaging  

The third harmonic of the Nd: YAG laser (355 nm, 60 mJ/pulse) can excite both formaldehyde and 

PAHs. Formaldehyde is formed during the LTHR of engine combustion and is often used as an indicator of 

LTHR, while PAHs are mainly produced during HTHR [26, 36]. Thus, the PLIF signal excited by the 355 nm 

laser between LTHR and HTHR only comes from the formaldehyde. After HTHR, PAHs may be produced in 

the combustion region and excited by the laser. Thus, the PLIF signal after HTHR is considered to be from 

UHC.  

The position of the vertical laser sheet for formaldehyde/UHC PLIF was kept lower than the injector 

nozzle tip to reduce the intense laser reflection by the injector nozzle. The ICCD camera lens was coupled with 

a high-pass filter (BLP01-355R, Semrock) and a band-pass filter (FF01-451/106, Semrock) to reduce the laser 

reflection from the walls and capture the formaldehyde/UHC signal between 400 nm and 500 nm. One example 

Bottom of the Cylinder Head

2
5
 m

m

Piston Top-Land
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of the averaged UHC PLIF image at -22.5° CA aTDC for the SOI-60 case is shown in Fig. 2c to clarify the 

difference between the field of view for the fuel-tracer and formaldehyde/UHC PLIF imaging.  

Only one PLIF image at a specified crank angle can be acquired from one engine cycle. One hundred 

PLIF images were acquired at each specified crank angle from 100 consecutive fired engine cycles. Even at 

steady-state, the first 50 cycles are not stable and combustion was stabilized after 50 cycles. Thus, only the last 

50 images were processed to get the average formaldehyde/UHC distribution. Similarly, the image distortion 

caused by the optical liner was corrected using the same method mentioned above. Note that the fuel-tracer 

and formaldehyde/UHC PLIF measurements were carried out non-simultaneously. The gate-width and the gain 

level of the ICCD camera in this study were set to 100 ns and 100, respectively.  

3. Results and discussion  

3.1 In-cylinder pressure and heat release rate 

For different SOI timings (spray wall interaction scenarios), the in-cylinder pressure and rate of heat 

release (RoHR) at low load conditions (IMEP ≈ 2 to 4.6 bar) are shown in Fig. 3.  The peak in-cylinder pressure 

progressively decreased from late SOI of -60° CA aTDC to early SOI of -20° CA aTDC. For the same fuel 

mass delivered, the decreased peak pressure with advanced SOI is due to deterioration in combustion 

efficiency. The fuel spray impingement on the cylinder wall at early injection conditions and the potential fuel-

trapping effect of the squish region and piston crevice may contribute to the drop in combustion efficiency. Of 

course, the overall lean mixture formed due to the longer premixing timing when using earlier SOI is also 

responsible for this efficiency drop. This could be explained and justified by examining the fuel/UHC 

distribution PLIF images, shown latter in section 3.3 and 3.4.  Since the net energy released is lower at SOI-

60, the work exerted on the piston during expansion stroke is reduced to decrease the net power output. As a 

consequence, the IMEP gradually decreased from around 4.6 bar to 2.0 bar when SOI was changed from -20 
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to -60 CA aTDC. Deterioration of combustion with the advancement in SOI timing is also reflected in 

combustion stability with the coefficient of variation of IMEP increasing from 1% at SOI-20 to 5% at SOI-60.  

 

Fig. 3. Evolution of cylinder pressure and rate of heat release rate (RoHR) at different SOI timings. The fuel 

injection durations are shown by dashed rectangles.   

The RoHR in Fig. 3 at different SOI’s shows a two-stage ignition (LTHR and HTHR) behavior. A small 

dip in the heat release rate before the LTHR phase is due to the evaporative cooling effect of the liquid fuel. 

For most of the SOI cases reported herein, the air and fuel are sufficiently premixed during the ignition delay 

period before the start of combustion. During the LTHR phase, the fuel undergoes the chain branching reaction 

to generate free radicals that help to support the auto-ignition during the early stage of combustion. After the 

LTHR phase, most of the heat is released during the HTHR phase and this results in a single premixed peak. 

The RoHR showing a single premixed combustion phase is common with the operation of high reactivity or 

low carbon gasoline at low load conditions [37].  

3.2 NFL images and flame probability distribution 

Figure 4 shows the typical single-shot NFL images during various stages of PPC at different SOI 

timings. The NFL images are captured in the spectral range of 350 - 700 nm. The images shown at CA50 and 

CA90 (the crank angle at which 50% and 90% of the heat is released) are multiplied by an image magnifying 

-60 -40 -20 0 20 40 60

0

20

40

60
 SOI-60, T

in
=373 K

 SOI-30, T
in
=348 K

 SOI-20, T
in
=343 K

CA (ATDC) 

P
 (

b
a

r)

0

20

40

60

80

100

R
o

H
R

 (
J
/

C
A

)



13 
 

factor for better clarity and visualization. At CA50, the flame is predominantly blue in color. The blue 

chemiluminescence in the image’s attributes to the band spectra of species such as C2, HCO, CH2O and CH, 

and continuous spectra of CO oxidation. These species are likely to be released due to the fuel decomposition 

process during the initial stage of the HTHR phase. With the evolution of combustion, the color of the NFL 

images turns from blue to yellow, indicating soot formation. Thus, during the later stage of the HTHR (CA90), 

the soot flames predominate the combustion, as evident by the dark yellow images. The dark yellow spot near 

the vicinity of the injector tip is a consequence of injector dribbling.  

With the advancement of SOI, the NFL images are faded as the luminosity of the images is decreased. 

The signal from the NFL images is integrated to obtain the overall NFL intensity as shown in Fig. 5. As SOI 

is advanced, the NFL intensity decreases and negligible intensity is observed for the SOI -60 case. At SOI-20, 

eight distinct combustion clouds that represent the fuel spray from 8-hole nozzle geometry is clearly seen in 

the squish region. The majority of the combustion clouds are seen inside the piston bowl, indicating that the 

spray is directed towards the bowl. At SOI-30, the majority of combustion clouds are confined to the squish 

region only to indicate the predominant fuel distribution over the squish region. At SOI-60, most of the blue 

flames are of quite low intensity and are also confined to the squish region.  
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Fig. 4. Typical single-shot NFL images at CA50 (upper deck) and CA90 (lower deck) at different SOI 

timings. The magnification factor of the NFL intensity is shown on the upper right of each image. 

 

Fig. 5. Averaged natural flame luminosity intensity with standard deviation at different SOI timings 

 

Fig. 6. Probability distribution index of NFL images at different SOI timings 

The probability of flame occurrence inside the cylinder is provided by PDI-analysis at various SOI 

timings in Fig. 6. At SOI-20, the flame is distributed both in the squish and bowl region whereas the flame 

distribution is confined to only squish region at SOI-30. This can be explained mainly based on the fuel spray 

penetration, impingement, and distribution inside the cylinder (section 3.4). Note that the effect of injector 

dribbling on the flame distribution is also reflected by the PDI image at 20.3° for the SOI-20 case. The flame 
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PDI index shows that the flames are mainly located in the squish region for the SOI-30 case. We can observe 

the non-uniformity of the eight flame clouds formed by the eight fuel sprays through the varied peak PDI value 

for both the SOI-20 and SOI-30 cases. The flame PDI is much lower for the SOI-60 case, indicating the 

combustion deterioration as described in the previous section. For this case, the flame distribution presents a 

more uniform pattern and doesn’t show any separated combustion clouds. Moreover, no distinct flame PDI can 

be seen after CA90 because there is very little soot radiation. Besides, compared to the SOI-30 case, the flame 

region tends to move back to the piston bowl for the SOI-60 case due to a longer premixing time.  

3.3 Fuel distribution based on fuel tracer PLIF measurements     

The fuel-tracer PLIF images acquired under non-reactive condition shows qualitative fuel distribution 

and spray-wall interaction in the piston bowl, squish and piston top land crevice regions in Fig. 7.  For the SOI-

20 case, the fuel spray impinges on the lip of the piston bowl at -15 and bifurcates into the squish and piston 

bowl region. Subsequently at -10 CA, the fuel cloud is distributed in the bowl and squish region but not in the 

piston top-land crevice. This explains the reason for flame distribution both in the squish and bowl region at 

SOI-20 as shown in Fig. 4. Most of the fuel is distributed in the bowl, while only a small part fuel is trapped 

in the squish region. These distribution characteristics result in the following separated combustion zones 

isolated by the piston bowl wall as shown in Fig. 4 and Fig. 6.  

The spray momentum gradually picks up after fuel injection due to lower cylinder backpressure for the 

SOI-30 case when compared to SOI-20 at the time of injection. Since the piston is slightly lower relative to 

SOI-20, the fuel spray impinges on the piston top surface at -25 CA. The majority of the fuel goes into the 

squish region at -22.5 CA while a small portion of the fuel is noticed in the bowl. The fuel in the squish region 

travels along the piston surfaces, hits the cylinders wall and penetrates into the piston top land crevice at -20 

CA. Before the LTHR at -10 CA, it is evident that the fuel to air equivalence ratio is richer in the crevice than 
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that in the squish and bowl region. The fuel distribution near the injector tip is observed to be richer due to 

injector dribbling.  

 
Fig. 7. Qualitative averaged fuel-tracer PLIF images at various SOI timings. The crank angle and gain level 

are shown on the lower right of each image. For example, “×1” means the maximum value of the scale, Smax, 

is 5000 and “×10” means Smax of 500.     

 

When the piston is much lower for the SOI-60 case, the fuel spray impinges immediately on the cylinder 

wall due to lower backpressure, increased spray momentum and longer spray penetration. The piston bowl is 

away from the spray and there is no interaction between them until -52.5 CA. The fuel is distributed widely 

SOI-60

-57.5 

 1.25

-55 

 1

-52.5 

 1

-50 

 2.5

-40 

 10

-20 

 10

-10 

 10

SOI-20

-15 

 5

-17.5 

 1.67

-10 

 10

-5 

 10

Smax0.0

PLIF Intensity (a.u.)

SOI-30

-27.5 

 1.67

-25 

 1.67

-22.5 

 2.5

-20 

 10

-10 

 10



17 
 

near the cylinder wall area and touches the piston top surface at -50 CA before entering into the piston top 

land crevice. On one hand, the fuel penetrates deeper into the crevice as the piston moves up during the 

compression stroke at -40 CA. On the other hand, the fuel dissipates and distributes in the squish region with 

lower fuel to air equivalence ratio. The fuel from the crevice also flows back into the squish regions at -20 

CA. This subsequently results in the formation of an overall lean mixture inside the bowl, squish and crevice 

regions at -10 CA. The reported fuel distribution for the SOI-60 case corroborates the lower NFL intensity 

during combustion. The lean mixture formed at early SOI timing could result in increased UHC and will be 

elucidated in detail in the next section.  

3.4 LTHR region and spatial UHC distribution based on formaldehyde and UHC PLIF measurements  

Following the analysis of fuel distribution based on fuel-tracer PLIF images, the formaldehyde and 

UHC PLIF measurements are performed to determine the in-cylinder LTHR region and spatial UHC 

distribution at various SOIs. The LTHR region indicated by the formaldehyde PLIF and the UHC distribution 

indicated by UHC PLIF after the HTHR are shown in Fig. 8 and Fig. 9, respectively. For the formaldehyde 

PLIF, two measurement crank angles are chosen: one just after the start of the LTHR and one at TDC closer 

to the very beginning of HTHR. The first crank angle chosen in Fig. 8 is exactly the same as the last 

measurement crank angle for the fuel-tracer PLIF images in Fig. 7. The LTHR region corresponds well to the 

fuel distribution results. For example, the LTHR region at -5 CA for the SOI-20 case shows a quite similar 

pattern to that of the fuel distribution region under the non-reactive condition in Fig. 7a, indicating that the 

region with more fuel has a higher intensity of LTHR. However, due to the fact that the position of the laser 

sheet is kept lower than the injector nozzle, the squish region where most of the fuel resides for the cases of 

SOI-30 and SOI-60 is not visible. Otherwise, a strong formaldehyde signal might have been found in the squish 

region for these two cases. The LTHR region and the peak PLIF intensity in the piston bowl at -10 CA 

becomes larger for these two reported SOI timings. This is consistent with the fuel distribution characteristics 
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wherein more fuel tends to flow back to the piston bowl with earlier SOI timing after fuel trapping in the piston 

squish and crevice regions. It is interesting to notice that LTHR takes place in the upper part of the piston 

crevice for the SOI-60 case at -10 CA and more obvious LTHR is present at TDC. Noticeable but weaker 

LTHR is also witnessed for the SOI-30 case. This is because the LTHR in the crevice has not taken place at -

10 CA for the SOI-30 case but HTHR has already begun to consume the formed formaldehyde at TDC, 

resulting in a low formaldehyde PLIF intensity in the crevice. In comparison, there is no LTHR showing in the 

piston crevice for the SOI-20 case because no fuel is trapped in the crevice, as indicated in Fig. 7a. The 

distribution region of LTHR in the field of view at TDC for all three cases is much larger compared to the 

earlier crank angle in the cycle. The LTHR region of the SOI-20 case occupies most of the piston bowl region. 

However, for the cases of SOI-30 and SOI-60, due to the fuel trapping effect in the piston squish and crevice, 

formaldehyde fluorescence of quite low intensity is evident at the central part of the piston bowl close to the 

injector nozzle where the local equivalence ratio is lower.   

 
Fig. 8. LTHR region indicated by the qualitative averaged formaldehyde PLIF images at various SOIs. The 

crank angle and gain level are shown on the lower right of each image. For example, “×1” means the maximum 

value of the scale, Smax, is 5000 and “×5” means Smax of 1000.      

Three cranks angles of 20, 40 and 60 CA are chosen for UHC PLIF measurement. As is shown in 

Fig. 3, the main HTHR has ended by the time of 20 CA for all cases. By comparing the PLIF images at TDC 

and 20 CA, we can observe the HTHR region based on the consumption of the formaldehyde formed in the 
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LTHR. The late-cycle cases of 40 and 60 CA can show the UHC distribution characteristics in the field of 

view with and without the piston. Normally, the formaldehyde formed during the LTHR is consumed during 

the HTHR phase. The presence of the formaldehyde signal during the HTHR phase shows that the second-

stage ignition has either not occurred or happens late in the cycle. For the SOI-20 case, most of the 

formaldehyde that is widely distributed in the piston bowl at TDC is consumed at 20 and no distinct UHC can 

be seen in the squish and piston crevice either. During the late-cycle period, the PLIF images at 40 and 60 

CA show noticeable UHC signal around the injector nozzle, which is due to the injector dribbling. Actually, 

the injector dribbling is visualized at TDC by the fuel-tracer PLIF image in Fig. 7. The PDI image at 20 CA 

in Fig. 6 also witnesses the natural flame luminosity arising from the fuel dribble. The high-temperature 

oxidation of the fuel dribbles results in little UHC signal near the nozzle at 20 CA. However, by the time of 

40 and 60 CA, the in-cylinder temperature is too low to fully oxidize the fuel dribbles, resulting in noticeable 

UHC emissions near the injector nozzle. This indicates that the injector dribbling is an important source of 

UHC in PPC mode. The fuels used for PPC, like gasoline and PRFs, have high volatility and low viscosity that 

are in favor of vaporization and may produce an overly lean mixture near the injector nozzle region, resulting 

in more UHC emission.     

For the SOI-30 case, the HTHR mainly takes place in the squish region at 20 CA as indicated by the 

low PLIF intensity and more UHC is formed in the piston bowl region. It is worth noting that the formaldehyde 

in the crevice at TDC is consumed at 20 CA. During the late-cycle period of 40 and 60 CA, most of the 

UHC is distributed widely in the upper part of the piston bowl near the injector nozzle. The peak UHC PLIF 

intensity in this region is much higher than that of the SOI-20 case at the same time because the fuel-trapping 

effect of the squish region and piston crevice result in an overly lean region that gives rise to more UHC. The 

injector dribbling is also seen in the fuel distribution images for the SOI-30 case before HTHR in Fig. 7. 

However, no distinct flame near the injector nozzle is noticed in the PDI images in Fig. 6. This means that the 
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fuel dribbling for the SOI-30 case should produce more UHC due to the lower in-cylinder temperature 

compared to the SOI-20 case. This implicates that the source of UHC for the SOI-30 case in the central part of 

the piston bowl near the injector nozzle comes from both the injector dribbling and the overly lean mixture 

formed by the spray-wall interaction. 

 
Fig. 9. Qualitative averaged UHC distribution images at various SOIs during and after the HTHR phase. The 

crank angle and gain level are shown on the lower right of each image. For example, “×1” means the maximum 

value of the scale, Smax, is 5000 and “×10” means Smax of 500.     

For the SOI-60 case, the UHC distribution in the piston bowl is similar to that of the SOI-30 case at 

TDC. However, it is worth noticing that the formaldehyde trapped in the piston crevice at TDC is not consumed 

after HTHR at 20 CA. In other words, only LTHR happens and HTHR does not take place in the fuel trapped 

in the piston crevice. As shown in Fig. 7, the local air/fuel mixture in the piston crevice before HTHR is much 

leaner for the SOI-60 case compared to the SOI-30 case due to longer premixing time. The overly lean mixture 

results in the formaldehyde persistence inside the piston crevice. The formaldehyde in the piston crevice 

SOI-60

20 

 10

TDC

 5

40 

 10

60 

 10

Near-wall UHC

Persistence of the 

trapped formaldehyde

Escape of the 

formaldehyde

S
m

a
x

0
.0

P
L

IF
 I

n
te

n
s
it
y 

(a
.u

.)

SOI-20

20 

 10

TDC

 5

40 

 10

60 

 10

UHC from 

injector dribbling

HTHR

SOI-30

20 

 10

TDC

 5

40 

 10

60 

 10

HTHR

Consumption of the 

trapped formaldehyde

Near-nozzle UHC



21 
 

escapes as the piston moves down at 40 CA. Though averaged over 50 cycles, we can see the vortex shape of 

the escaped formaldehyde at the corner between the surface of the piston top and cylinder wall. The escaped 

formaldehyde forms a UHC distribution region near the wall at 60 CA. However, this near-wall UHC region 

is much smaller compared to the UHC region in the central part of the cylinder near the injector nozzle. The 

peak UHC PLIF intensity in this region for the SOI-60 case is much higher when compared to the SOI-30 case 

at 60 CA. This is because the longer premixing timing for the SOI-60 case allows more fuel trapped in the 

piston squish to flow back to the central part of the piston bowl. This phenomenon is also proved by the fuel-

tracer PLIF results in Fig. 7 and the natural flame PDI distribution in Fig. 6. Furthermore, similar to the SOI-

30 case, injector dribbling also contributes to the UHC formation in this region. 

To summarize this section, the LTHR that couldn’t be visualized from the NFL images has been 

captured and analyzed through the formaldehyde PLIF imaging. In this context, the formaldehyde is proved to 

be a suitable marker to identify LTHR. With the advancement in SOI timing, formaldehyde is distributed in 

the piston top-land crevice due to the spray-wall interaction and fuel trapping effect. Furthermore, the UHC 

distribution after HTHR involved with the piston crevice is visualized by PLIF imaging. We found that the 

main UHC formed in the PPC comes from the central part of the cylinder close to the injector nozzle, where 

the overall equivalence ratio is lower and the injector dribbling is an important source of UHC. The UHC 

formed in the piston crevice of the PPC engine depends on the local equivalence ratio of the fuel trapped in the 

crevice. When the overall equivalence ratio of the charge in the crevice is relatively higher ( SOI-30 case), the 

trapped fuel undergoes both LTHR and HTHR and produces negligible UHC. However, the UHC from the 

piston crevice becomes considerable when the fuel injection timing is so early (SOI-60 case) that an overly 

lean mixture is generated.  

3.5 Discussion on the PPC operation at low load for low UHC emission and high engine efficiency 
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Figure 10 shows the engine-out emissions for the cases with SOI timings ranging from -10 to -120 CA 

aTDC. There is a trade-off between the NOx emission and UHC/CO emissions, i.e., with the advancing of the 

SOI timings, the NOx emission decreases while the CO and UHC emissions increases. The typical SOI timings 

for PPC operation are around -20 CA to -60 CA, during which the compromised emissions are obtained. 

Using a wide-angle (162) diesel injector in the present optical study, we find intense spray-wall interaction 

and undesired UHC/CO emissions increase under early SOI timings with decreased IMEP and engine 

efficiency. Based on the PLIF imaging of the LTHR and UHC distribution, we find that the main reason for 

the increased UHC and decreased engine efficiency is the overly lean mixture formation involved with spray-

wall interaction. The fuel-trapping effect of the squish region and piston crevice is responsible for the overly 

lean mixture. Also, it is worthwhile to note that the higher heat transfer in these regions during combustion 

also contributes to the lower IMEP and gross indicated thermal efficiency.  

 

Fig. 10. Engine-out emissions for different SOIs. 

Based on the findings of this study, we provide some implications for the PPC operation at low load 

for achieving lower UHC emission and higher engine efficiency. Firstly, a more narrow-angle injector should 

be used for the PPC operation to avoid the fuel trapping effect in the squish region and piston crevice. 

Meanwhile, optimization of the piston bowl shape is necessary to match the narrow-angle injector for realizing 

fuel/air charge enrichment near the central part of the bowl near the injector nozzle and avoiding potential bowl 
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wall wetting effect. Secondly, a split injection strategy should be used to optimize the spatial distribution inside 

the piston bowl to reduce the overly lean region formed near the injector nozzle. A moderate fuel injection 

pressure is helpful to enhance the local charge enrichment at low load. The principle of the fuel injection 

strategy is to enrich the overly lean region as long as no mixing-controlled combustion appears. Finally, some 

improvements should be made with the injector design and configuration. For the sac-type injector used in the 

present study, the volume of the sac is the critical parameter to be optimized. From the perspective of reducing 

the UHC arisen from the injector dribbling, a valve covered orifice (VCO) injector should be preferred.  

4. Conclusions  

 This study unravels the impact of spray-wall interaction on the spatial UHC distribution during the 

two-stage ignition process of a PPC optical engine. Combined optical diagnostic techniques applied on a single-

cylinder optical engine provides insights into the low-temperature heat release (LTHR) region and rationalize 

the source of UHC emission at various SOI timings of -60,  -30 and -20 CA aTDC. The high-speed imaging 

of the combustion process was acquired based on natural flame luminosity. The qualitative fuel-tracer, 

formaldehyde, and UHC planar laser-induced fluorescence (PLIF) imaging techniques were employed to 

reveal the fuel, LTHR, and UHC distribution, respectively, under different spray-wall interaction conditions. 

The LTHR, HTHR and UHC distributions formed by the trapped fuel in the piston top-land crevice are 

visualized using PLIF imaging techniques for the first time.  

The overall nature flame luminosity intensity and flame probability decrease with the advancement of 

fuel injection timing in PPC mode. The flame probability distribution index indicates that the flame region first 

moves into the squish region and then tends to move back to the piston bowl with the advancing of the SOI 

timings from -60 to -20 CA aTDC. This trend is consistent with the fuel distribution characteristics before 

high-temperature heat release (HTHR) as illustrated by the fuel-tracer PLIF results. 
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For the SOI-20 case, the fuel-tracer PLIF results show that the fuel spray impinges on the rim of the 

piston bowl and most of the fuel goes into the piston bowl while a small part of the fuel moves into the squish 

region. No detectable fuel is observed inside the piston crevice. The fuel distribution region corresponds very 

well to the LTHR region indicated by the formaldehyde PLIF. The fuel in both piston bowl and squish region 

are consumed after HTHR and the main UHC comes from the injector dribbling near the injector nozzle. 

For the SOI-30 case, the fuel spray impinges on the piston top and most of the fuel enters into the squish 

region and some moves into the piston crevice, forming a fuel-lean region in the piston bowl region. The PLIF 

results show that the fuel trapped in the squish region and piston crevice undergoes both LTHR and HTHR. 

The main UHC resides in the central part of the cylinder close to the injector nozzle, where the overall 

equivalent ratio is low. 

For the SOI-60 case, the fuel spray directly impinges on the cylinder wall and the fuel-trapping effect 

of the squish region and piston crevice is also witnessed when the piston approaches TDC. However, due to 

the earlier fuel injection longer premixing time, more fuel charge spreads into the piston bowl region and the 

local fuel-air equivalence ratio inside the squish region and piston crevice is much leaner than that of the SOI-

30 case. The formaldehyde PLIF indicates that LTHR takes place for the fuel trapped in both the squish region 

and piston crevice. However, HTHR only happens in the squish region and the formaldehyde formed during 

LTHR in the piston crevice survives and escapes from the piston squish during the late-cycle when the piston 

moves down. This forms the other UHC emission region close to the cylinder wall although the main UHC 

region remains to be the central part of the cylinder close to the injector nozzle.  

To summarize, the main UHC formed in the PPC engines comes from the central part of the cylinder 

close to the injector nozzle, where the overall equivalent ratio is lower and the injector dribbling is an important 

source of UHC. The UHC formed in the piston crevice of the PPC engine depends on the local equivalence 

ratio of the fuel trapped in the crevice. When the overall equivalence ratio of the charge in the crevice is 
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relatively high, the trapped fuel undergoes both LTHR and HTHR and produces negligible UHC. However, 

the UHC from the piston crevice becomes considerable when the fuel injection timing is early so that an overly 

lean mixture is generated. 
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