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ABSTRACT 
Improved internal combustion (IC) engine simulations of natural 

gas (NG) combustion under conventional and advanced 

combustion strategies have the potential to increase the use of 

NG in the transportation sector in the United States. This study 

focused on the physics of turbulent flame propagation. The 

experiments were performed in a single-cylinder heavy-duty 

compression-ignition (CI) optical engine with a bowl-in piston 

that was converted to spark ignition (SI) NG operation. The size 

and growth rate of the early flame from the start of combustion 

until the flame filled the camera field-of-view were correlated to 

combustion parameters determined from in-cylinder pressure 

data, under low-speed, lean-mixture, and medium-load 

conditions. Individual cycles showed evidence of turbulent 

flame wrinkling, but the cycle-averaged flame edge propagated 

almost circular in the 2D images recorded from below. More, the 

flame-speed data suggested a different flame propagation inside 

a bowl-in piston geometry compared to a typical SI engine 

chamber. For example, while the flame front propagated very 

fast inside the piston bowl, the corresponding mass fraction burn 

was small, which suggested a thick flame region. In addition, 

combustion images showed flame activity after the end of 

combustion inferred from the pressure trace. All these findings 

support the need for further investigations of flame propagation 

under conditions representative of CI engine geometries, such as 

those in this study. 

 

INTRODUCTION 
Low-carbon fuels such as natural gas (NG) have the 

potential to lower the demand of petroleum-based fuels, reduce 

engine-out emissions, and increase thermal efficiency. 

Compared to gasoline or diesel, NG lowers carbon dioxide (CO2) 

emissions for the same power output due to its higher hydrogen-

to-carbon (H/C) ratio. NG does not need to vaporize before 

mixing with air, which avoids the creation of fuel-rich regions 

that can produce particulate matter (PM) emissions. NG’s higher 

octane number (ON) compared to gasoline reduces the knocking 

potential and allows a spark-ignited (SI) engine to operate at a 

higher compression ratio (CR), which increases thermal 

efficiency [1, 2]. NG engines can operate leaner, which reduce 

carbon monoxide (CO) and unburned hydrocarbons (HC) 

emissions. More, lean operation lowers combustion temperature, 

which reduce nitrogen oxides (NOx) emissions. 

Albeit NG advantages over conventional fuels, only about 

150,000 NG vehicles are registered in the United States (U.S.) 

from an estimated 17-million worldwide [3]. While this number 

represents less than 1% of the vehicles sold every year in the 

U.S., NG’s low price and increased availability drew the 

attention of commercial fleet managers nationwide. A recent 

assessment by the U.S. Department of Energy (DOE) suggested 

that the number of NG vehicles could increase up to 20% of new 

heavy-duty vehicles by 2025, which would displace a significant 

amount of diesel vehicles[4]. However, the increased use of NG 

in the transportation sector faces several obstacles such as the 
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low number of commercial NG fueling stations [5], the wide 

variation in the chemical composition of the commercial NG 

with location (e.g., Ref. [6] describes natural gas as methane 

(75-98%), ethane (0.5-13%), and propane (0-2.6%), with traces 

of other elements), or the limited number of fundamental 

combustion studies of modern NG-fueled engines compared to 

those dedicated to gasoline or diesel fuel, which increases engine 

development costs [7, 8].  

One of the most rapid and efficient use of NG in the 

transportation sector would be as a direct replacement of the 

diesel fuel in compression ignition (CI) engines without any 

major engine modifications to the combustion chamber such as 

new pistons and/or engine head. However, NG has a high 

autoignition temperature compared to diesel fuel, which makes 

it difficult to initiate and control its combustion process without 

the use of an additional ignition source. As a result, a CI engine 

is usually converted to NG operation by replacing the fuel 

injector with a spark plug and using port-fuel injection for NG 

delivery [1]. Careful engine calibration is also required to limit 

the high rates of pressure rise at medium and high engine loads 

specific to a premixed combustion mode at high engine 

compression ratio. Several other solutions were proposed to 

increase the use of NG combustion in CI engines, such as dual-

fuel strategies, which use diesel or other fuel with good ignition 

quality to initiate the NG combustion process [9-11], or partially-

stratified strategies, which micro-inject an additional small 

quantity of NG in the spark-plug region just before the spark [12, 

13]. However, they require major engine design modifications, 

use different combustion strategies than SI, increase the engine-

control complexity and/or the engine cost. 

The main reason for the debate regarding the efficiency of 

using NG to directly replace the diesel fuel in conventional diesel 

engines (i.e., engines that maintained the original configuration 

of their combustion chamber) regardless of the engine type and 

model is the limited amount of experimental or computational 

studies that investigated fundamental NG combustion inside 

such engines. As a result, to reduce the possible long-term risks 

associated with converting a diesel engine to NG operation, such 

as reduced durability and/or increased emissions, most of the 

solutions proposed in the literature are complex and/or expensive 

(as mentioned before). However, more simple solutions could be 

proposed if engine designers would have more accurate 

predictive tools at their disposal that can be used to simulate SI 

NG combustion in conventional CI engines. For example, better 

predictive tools concerning the physics of turbulent flame 

propagation are needed, such as better predictions of mixture 

flammability, combustion stability, combustion duration, and 

knocking [7, 14]. More, good predictions of flame inception and 

propagation are critical in NG engine simulations. While spark 

discharge energy, duration, and orientation affect the early flame 

size and growth rate [15-17], charge composition, charge 

motion, pressure, and temperature also have a large effect on the 

flame development and propagation (i.e., flame speed) [18-20]. 

With methane being the main NG component, a large body of 

literature investigated methane’s laminar flame speed at both 

atmospheric [21, 22] and higher-pressure conditions [8, 20, 23]. 

However, most of the flame speed data was acquired inside 

constant volume vessels, which means that existing combustion 

models may not have the required accuracy to predict turbulent 

flames under conditions and geometries that are representative 

of actual NG engines. As a result, engine manufacturers may 

need to spend large resources on NG-engines testing and 

calibration, which would further delay their mass production. 

More, while combustion information is usually inferred from in-

cylinder pressure measurements, there is limited information that 

relates the inception and development of the early flame to the 

corresponding rise of in-cylinder pressure [14, 19]. As a result, 

the goal of this study was to increase the fundamental knowledge 

of NG SI combustion under engine geometries representative of 

conventional diesel engines. Specifically, the study used in-

cylinder high-speed visualization techniques to correlate the size 

and growth rate of the early flame to the parameters generally 

used in combustion analysis such as the start of combustion, 

mass fraction burn, and laminar flame speed. The methodology, 

similar to Beretta et al. [14], used a typical sequence of 

combustion images and pressure traces from experimental data 

at conditions similar to those experienced in a heavy-duty CI 

engine converted to SI NG operation. The results are useful for 

the development and validation of combustion models that 

simulate the physics of turbulent flames in such environments. 

 

EXPERIMENTAL SETUP 

Engine and fuel system 
Experiments were performed in a single-cylinder research 

engine (Ricardo/Cussons, U.K., Model Proteus), which is based 

on a commercial heavy-duty diesel engine (Volvo, Sweden, 

 
Figure 1. WVU’s heavy-duty single-cylinder research engine 
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Model TD120). For this study, the engine was modified to 

optical-access configuration by replacing the original cylinder 

block with an extended version that allows the visualization of 

the combustion chamber from below through a “Bowditch” 

piston. Compared to the original metal piston, the “Bowditch” 

piston has a bowl with a flat bottom and vertical walls. The above 

differences led to a lower geometric compression ratio (CR) of 

11:1 for the optical engine versus 13.3:1 for the metal 

configuration. 

The engine was run in a SI configuration by replacing the 

original diesel injector with a NG spark plug (Stitt, USA, Model 

S-RSGN40XLBEX8.4-2). A port fuel NG injector (Rail Spa, 

Italy, Model IG7 Navajo, 3 seats) positioned 55 mm upstream of 

the intake port delivered the fuel to the intake system. Only two 

of the three injector seats were used in this study, with each seat 

using a 3.5-mm diameter nozzle. Figure 1 and Table 1 show a 

schematic and the primary specifications of the research engine 

in the optical-access configuration. 

For these experiments, the optical engine was skip-fired 

with one fuel injection event every 5 engine cycles to lower the 

risk of window failure due to thermal and mechanical stresses 

generated when switching between motored and fired operation. 

As a result, because the heat rejection from the combustion 

chamber to the coolant and lubrication oil is lower during skip-

fired operation compared to a continuously fired mode, the test 

cell is equipped with heaters and heat exchangers. Temperature 

controllers maintained a constant coolant and oil temperatures. 

The temperatures of engine coolant, engine oil, intake air, and 

exhaust gases were measured with K-type thermocouples. 

The naturally-aspirated intake air was filtered before 

passing through a laminar flow element (LFE; Meriam, Model 

50MC2-2), which provided fast and repeatable intake air flow 

measurements. A 30-gallon surge tank mounted 30” downstream 

of the LFE and 6” upstream of the intake valve reduced the intake 

flow pulsations created by the cyclic opening and closing of 

intake valve. More, pressure snubbers were mounted on the LFE 

pressure taps to further reduce pressure fluctuations sensed by 

the absolute and differential pressure transducers used to 

calculate the intake air flow rate.  

The timing and duration of the spark ignition and fuel 

injection were managed with an aftermarket engine control unit 

(ECU; Megasquirt, Model 3X). An in-house built electronic 

module based on the Arduino Nano prototyping platform 

together with a solid-state relay (SSR) were installed between 

the ECU and the fuel injector to control the skip firing. 

Specifically, the electronic module monitored and counted the 

camshaft sensor signals, then closed the SSR at a specific timing 

and for a predetermined duration only once every “n” engine 

cycles. As the fuel injector would receive the ECU command 

only if the SSR was closed, it resulted in only one fired cycle 

once every “n” engine cycles. 

A 75-kW trunnion-type dynamometer (McClure, UK, 

Model 4999) maintained a constant engine speed regardless of 

engine load. The engine load was measured via a 100-kg load 

cell with a strain gauge arrangement (TEDEA-Huntleigh, US, 

Model 104H Coated). 

 

Fuel 
Table 2 lists the composition and properties of the 

chemically-pure methane (Airgas) used in this study.  

Optical measurements.  
A high-speed CMOS camera (Photron, USA, Model 

Fastcam SA5), fitted with a 50-mm Nikon lens, collected flame 

luminosity (FL) in the visible range during fired operation. 

Figure 1 shows that the high-speed camera visualized the 

combustion chamber from below through the fused-silica piston 

window using a 45° mirror. The camera was triggered at 15,000 

frame-per second (fps), which, at the engine speed used in this 

study, corresponded to one frame every 0.36 crank-angle degree 

(CAD). The field of view was a 113 mm x 113 mm area with a 

spatial resolution of 0.22 mm/pixel. The camera exposure time 

was 1/17,000 s. The same signal that controlled the spark timing 

was used to trigger the start of image acquisition. A total of 3000 

frames were acquired for each visualized cycle. 

Table 1. Optical-engine specifications 

Engine manufacturer and model  Ricardo/Cussons, Proteus 

Research engine type Single-cylinder 

Cycle 4-stroke SI PFI 

Valves per cylinder 2 

Bore 130.2 mm 

Stroke 150 mm 

Intake valve open 12º BTDC exhaust 

Intake valve close 140º BTDC compression 

Exhaust valve open 126º ATDC compression 

Exhaust valve close 10º ATDC exhaust 

Connecting rod length 275 mm 

Connecting rod offset none 

Piston-bowl diameter 77 mm 

Piston-bowl depth 25 mm 

Squish height 2 mm 

Compression ratio 11:1  

Displacement 1.997 liters 

Combustion chamber Flat bowl-in piston  

 

Table 2. Composition and selected properties of the test fuel 

Parameter Value 

CH4 [vol %] 99.5 

O2 [ppm] <50 

H2O [ppm] <10 

C2H6 [ppm] <1000 

N2 [ppm] <4000 

Net heat of combustion [MJ/kg] 50.016 

Molecular weight [g/mol] 16.043 

Specific volume (21 ºC,1 atm) [m3/kg] 1.505 
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Image processing. 
The start of image acquisition was synchronized with the 

spark timing. As a result, the spark event was clearly visible in 

the first recorded images. The first evidence of weak flames with 

a radius around 5 mm (i.e., the flame could be separated from the 

spark intensity) was seen around 4-5CA after the spark timing. 

Examples of processed flame images are shown in Fig. 2. These 

data are from a raw combustion image acquired 14.4º after spark 

timing.  

A larger camera exposure time ensured that flame was 

detected in its early stages. While such approach resulted in 

saturated pixels in flame images of larger mass-burned fractions, 

it did not affect the flame front analysis. Figure 2a shows the raw 

flame image and the bowl edge that limits the field of view. The 

spark plug is positioned at the center of the piston bowl. The 2D 

flame front area was determined using a custom processing 

method developed in a Matlab® environment. First, Fig. 2b 

shows the flame after subtracting the background noise followed 

by the application of a circular mask that retained only the pixels 

inside the piston bowl (shown by the black circle). The circular 

mask also avoided any piston reflections (e.g., see bottom-right 

of Fig. 2a) being included in the flame area measurements. 

Figure 2c shows the flame after applying a global image 

threshold that was used to binarize the image. The Matlab® 

routine calculated flame area by summing all the white pixels in 

the image, then calculated the equivalent flame radius based on 

the assumption of a spherical flame front. In addition, the binary 

image was used to detect flame boundaries, as seen in Fig. 2d. 

Flame boundary was used for flame perimeter/curvature 

analysis. 

Experimental procedures.  
Experiments were performed at lean mixture conditions and 

medium engine load. The engine speed, intake temperature and 

pressure, and oil and coolant temperatures were kept constant 

throughout the experiments. The fuel was added to the intake 

manifold immediately after the intake valve opened (IVO) using 

a single 18-ms long injection event. A spark timing of -20º 

ATDC resulted in both good and robust FL, and knock-free 

operation. Table 3 summarizes the engine operating conditions. 

The experimental test sequence consisted of (i) starting the 

dyno, (ii) running the engine at constant speed for up to one 

minute to stabilize the operating conditions, (iii) running the 

engine in skip-firing mode for 30 seconds, (iv) stop fueling, and 

(v) stop the engine. Engine performance, combustion and FL 

data were collected. FL from 20 visualized engine cycles was 

used for data analysis.  

RESULTS AND DISCUSSION 

In-cylinder pressure data. 
While the study’s focus was the early flame development, 

the combustion phasing and duration influence engine 

performance and emissions through their effect on the in-

cylinder heat release [19]. Figures 3 (in-cylinder pressure) and 4 

(the apparent heat release rate (AHRR) and the cumulative heat 

release) are representative of typical homogeneous NG SI 

combustion. While Fig. 3 shows the expected cycle-to-cycle 

variation, the choice of equivalence ratio, ϕ, and spark timing 

avoided knocking (an important issue for CI engines retrofitted 

to NG SI operation) and resulted in a COVIMEP lower than 4%. 

If CAx is defined as the crank angle associated with x% 

cumulative heat release, calculations based on Fig. 4 showed that 

CA50 and the combustion duration (defined as the difference 

CA95-CA5) were 14.5º ± 1.8º ATDC and 33.3º ± 1.7º CA, 

respectively. More, peak rates of cylinder pressure rise were 

always below 1 bar/ ºCA, suggesting that flame propagation was 

dominant throughout the combustion process. 

Table 3. Engine operating conditions 

Parameter Value 

Engine speed 900 RPM 

gIMEP 6.63 ± 0.25 bar 

Intake manifold pressure 84 kPa 

Intake air temperature 300 K 

Spark timing -20º ATDC compression 

Start of Injection 12º ATDC exhaust 

Injection pulse-width 18 ms 

Spark duration 1 ms 

Equivalence ratio 0.66 

Fuel mass / cycle 0.083 g/cycle 

Volumetric efficiency 82 % 

 

 

 

Figure 2. Sample FL image data, including (a) raw image, 
(b) image with background noise extracted, (c) binary image, 
and (d) flame edge. Piston-bowl edge is visible in (a). The 
spark plug is in the middle of the black circular mask shown 
in (b)(c) and (d). 
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Flame Luminosity Analysis – Equivalent Flame Radius 
Compared to other optical studies that investigated early 

flame development, the bowl-in piston geometry used in this 

study supported better the usual assumptions of spherical flame 

front and fresh charge entrainment that is usually used to 

determine flame parameters during the initial combustion 

phases. Specifically, the height between the cylinder head and 

the piston window (i.e., the sum of the piston bowl depth and the 

piston-top-to-cylinder-head clearance) was greater than the bowl 

radius for almost all analyzed images (i.e., for the images 

acquired before the flame reached the bowl edge). As a result, it 

was assumed that the flame front propagated away from the 

spark plug as a hemisphere. This allowed the calculation of the 

equivalent flame radius, 𝑟𝑓,𝑖𝑗, and the enflamed volume, 𝑉𝑓,𝑖𝑗, for 

a specific image i at a particular crank angle j as 𝑟𝑓,𝑖𝑗 =

√𝐴𝑓,𝑖𝑗/𝜋 and 𝑉𝑓,𝑖𝑗 = (2/3)𝜋𝑟𝑓,𝑖𝑗
3 , respectively, where Af,ij was 

the measured flame area. Figure 5 shows the equivalent flame 

radius rf,ij for the investigated engine cycles. The minimum 

radius in Fig. 5 corresponded to the earliest evidence of well-

sustained flame propagation, which is a few crank angle degrees 

after the first weak flames were recorded. The maximum flame 

radius was associated to the flame reaching the bowl edge. 

Figure 5 shows that this approach resulted in calculated flame 

radii slightly larger than the height between the cylinder head 

and the piston window at TDC (~ 27 mm), which would infirm 

the assumption of a spherical flame for these images. However, 

the differences were small, which warranted their inclusion in 

the flame propagation analysis. It will be shown later that flame 

wrinkling and rotation off the spark plug location were more 

important than the inclusion of these images. As a result, the 

range of flame radius calculations was -15ºCA ATDC to TDC. 

In addition, Fig. 5 shows the expected cycle-to-cycle variation in 

flame propagation, with the enflamed volume reaching a 

particular radius around 5º CA earlier in some images than in 

others. The crank angle spread corresponded to the start of 

combustion (SOC) in Fig. 4.  

While the spark timing and the first evidence of a sustained 

flames were -20 ºCA ATDC and ~ -16 ºCA ATDC (i.e., ~ 1 ms 

delay from the spark timing), respectively, the cumulative heat 

release shown in Fig. 4 suggested a later SOC. As a result, the 

methodology that investigated the turbulent early flame used 

correlations between the calculated enflamed volume, 𝑉𝑓,𝑖𝑗, and 

the mass fraction burned (MFB) determined from the pressure 

trace. Table 4 shows the crank angle associated with various 

percentages of MFB. The data suggests that the traditional SOC 

of 2% or 5% MFB would eliminate almost all the flame-

development images from the analysis. To check the 

synchronization between images and pressure date, polynomial 

 
Figure 5. Equivalent flame radius for all imaged cycles 

Table 4. Crank angle associated with various 
fractions of MFB and the corresponding combustion 
duration. The errors represent the standard deviation. 

MFB 

[%] 

Crank Angle 

[deg ATDC] 

0.5 -5.2 ± 2.5 

1 -2.9 ± 1.8 

1.5 -1.7 ± 1.5 

2 - 0.9 ± 1.5 

5 1.9 ± 1.4 

95 35.2 ± 1.5 

98 42.6 ± 0.9 

 

 

Figure 4. Apparent heat release rate (top) and the cumulative 
heat release (bottom). Thin red and thick black lines indicate 
individual cycles and their mean, respectively. 

 
Figure 3. In-cylinder pressure traces (thin red lines) and the 

mean pressure trace (thick black line) 
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curve fitting based on data in Table 4 was used to estimate 0.01% 

MFB of the mean cumulative heat release. The value obtained, 

~ -12 CA ATDC, was ~ 4 ºCA later than the first instance of 

flame propagation in the images. Around 1 ºCA of the delay can 

be explained by the location of the pressure transducer, with 

Fig. 6 showing that the transducer was closer to the edge of the 

cylinder-head than to the spark plug location. The rest of the 

delay was probably due to the pressure trace not capturing the 

low heat released from the initial enflamed volume, and to the 

delay added by each component of the data acquisition system. 

In addition, flame images showed in-cylinder activity after the 

crank-angle location of 95% MFB or 98% MFB, which are 

usually defining the EOC in engine studies. These observations 

supports the use and show the importance of optical methods for 

better model development and validation [14, 19]. 

Pressure data was used to estimate MFB based on the 

following assumptions [14]: (i) in-cylinder mass and volume can 

be divided at every instant between unburned and burned 

fraction; (ii) in-cylinder pressure is spatially uniform; (iii) the 

ideal gas law can be applied to both unburned and burned gases; 

(iv) crevices effects are negligible; (v) unburned gases are 

compressed isentropically; (vi) wall temperature is uniform. In 

addition, the residual fraction was air-only due to the non-firing 

cycles before every power cycle. 

Total combustion chamber volume and mass are defined as: 

𝑉 = 𝑉𝑢 + 𝑉𝑏                                             (1) 

𝑚 = 𝑚𝑢 + 𝑚𝑏                                         (2) 

where u and b designate unburned and burned gas, respectively. 

MFB is defined as: 

𝑥𝑏 = 𝑚𝑏/𝑚                                           (3) 

Synchronizing the timing of each image to the pressure trace 

timing is particularly important for the early flame stages when 

a large amount of heat is transferred from the burned gasses to 

the spark plug and cylinder head [19]. In this study, the 

synchronization between the image and the pressure trace for a 

specific cycle was done as following: (i) estimate the burned 

volume associated with 0.5% MFB (i.e., the SOC). Two possible 

scenarios were considered in order to estimate the heat transfer 

to the surroundings in the early flame stages. As it is difficult to 

estimate the burned gas volume in the early flame stages, Vb,0, 
without accurate knowledge of the heat loss to the surroundings, 

it was assumed Vb,0 (the volume of the burned mixture at 0.5% 

MFB) was 2- and 3-times larger than the volume occupied by an 

unburned mixture with a similar mass equal (i.e., Vb,0 was equal 

to 1% and 1.5% of the total chamber volume, V). These two 

scenarios would loosely correspond to 50% and 0% heat loss 

from a burned gas with an initial temperature equal to the 

adiabatic flame temperature. For clarity, results associated with 

Vb,0 equal to 1% and 1.5% of the total chamber volume, V, will 

be mentioned as Case 1 and Case 2, respectively; (ii) find the 

flame radius r of a hemisphere with volume Vb,0. The radii were 

9.9 mm and 11.4 mm for Case 1 and 2, respectively. The timing 

difference between the two cases was ~ 0.5 ºCA or two image 

frames. It will be shown later that the choice of Vb,0 to correlate 

the flame images with the pressure trace data affected the results; 

(iii) starting with the first recorded image, identify the last image 

i that satisfies rf,ij  r and consider it the image one in the flame 

propagation analysis; (iv) associate the timing of the image one 

with the timing of 0.5% MFB from the pressure trace. This 

approach aligns the start of image analysis to the 0.5% MFB 

from the pressure trace. Figure 7 shows the mean equivalent 

flame radius at a particular crank angle j, �̅�𝑓𝑗, for all investigated 

cycles. While the error bars are shown only for Case 1, they are 

the same for Case 2 as the only difference between the two cases 

is the definition of the image one. 

Figure 7 also suggests the difficulty associated to flame 

investigations in similar experimental setups. Specifically, the 

flame already reached the edge of the piston bowl at 5% MFB, 

which is a timing mark usually related to the SOC in engine 

literature. As a result, additional optical access would be required 

to investigate flame propagation outside the piston bowl, 

 

Figure 6. In-cylinder visualized area. The white area inside 
the bowl indicates the flame location. 

Table 4. Crank angle associated with various fractions of 
MFB and the corresponding combustion duration. The 
errors represent the standard deviation. 

MFB 

[%] 

Crank Angle 

[deg ATDC] 

0.5 -5.2 ± 2.5 

1 -2.9 ± 1.8 

1.5 -1.7 ± 1.5 

2 - 0.9 ± 1.5 

5 1.9 ± 1.4 

95 35.2 ± 1.5 

98 42.6 ± 0.9 
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particularly for operating conditions when knocking is of 

concern.  

FLAME PROPAGATION 
After synchronizing the images and pressure traces, flame-

edge detection investigated the assumption that the turbulent 

flame inside a heavy-duty CI engine converted to SI NG 

operation propagated spherically inside the piston bowl. Figure 

8 shows the flame propagation for Case 1. The expected strong 

wrinkling of the turbulent flame was evident in the individual 

cycles. However, the cycle-averaged flame edge in the 2D 

images was relatively circular throughout the visualization 

period. More, the individual cycles in Fig. 8 showed evidence of 

flame rotation off the spark plug position, which is not seen in 

the cycle-averaged image. While the choice of individual cycles 

in Fig. 8 was skewed towards cycles with strong flame curvature 

or rotation, these are important observations, especially when 

related to the usual discussion in the modeling community of 

RANS versus LES simulations to predict combustion 

phenomena.  

FLAME SPEED 

Several flame parameters were calculated from the image- 

and pressure-derived data. The mean expansion speed of the 

burned gas, 𝑢𝑏, is the ratio of the rate of change per unit time of 

the enflamed volume divided by the flame front area [19]: 

𝑢𝑏 =
𝜕𝑉𝑏/𝜕𝑡

𝐴𝑏

=
𝜕 (

2
3

𝜋𝑟𝑓
3) /𝜕𝑡

2𝜋𝑟𝑓
2 =

𝜕𝑟𝑓

𝜕𝑡
                (4) 

where 𝑢𝑏 accounts for both the actual flame burning speed, 𝑆𝑏, 

and the mean gas speed just ahead of the flame front, 𝑢𝑔:  

𝑢𝑏 = 𝑆𝑏 + 𝑢𝑔                                        (5) 

The flame burning speed, 𝑆𝑏, controls the rate of 

combustion, which affects both efficiency and emissions. The 

mean gas speed just ahead of the flame front, 𝑢𝑔, indicates how 

fast the flame zone would reach the combustion chamber’s 

furthest points, which is important for knock control. 𝑆𝑏 is 

defined as: 

𝑆𝑏 =
�̇�𝑏

𝜌𝑢𝐴𝑏

=
�̇�𝑏

2𝜋𝜌𝑢𝑟𝑓
2                                (6) 

where the mass burned per unit time, �̇�𝑏, is determined at each 

crank angle of interest from the cumulative heat release rate 

shown in Fig. 4, and the density of the unburned mixture ahead 

of the flame, 𝜌𝑢, was defined as:  

𝜌𝑢 = 𝑚𝑢/𝑉𝑢  = (𝑚 − 𝑚𝑏)/(𝑉 − 𝑉𝑏 )                (7) 

Selecting a control volume around the flame region, the 

effect of turbulence on flame propagation can be quantified by 

using the conservation of mass equation to relate the enflamed 

area, 𝐴𝑏, to the equivalent area occupied by a flame burning 

under laminar conditions, 𝐴𝑙: 

 𝜌𝑢𝑆𝑏𝐴𝑏 = 𝜌𝑢𝑆𝑙𝐴𝑙                                      (8) 

where the laminar flame speed for an air-methane mixture at 

conditions similar to those in the present study, 𝑆𝑙 , was estimated 

using the methodology described in Rahim et al. [20]. 

 

DISCUSSION 

Figure 9 shows the estimated laminar flame speed, 𝑆𝑙, the 

flame burning speed, 𝑆𝑏 (top figure), and their ratio (bottom 

figure). Both showed a steady increase due to the increase in the 

 
Figure 7. Mean equivalent flame radius for all imaged cycles 
for the two methods used to synchronize images with the 
pressure trace. The mean was calculated after the radii in 
Fig. 4 were aligned to the same 0.5% MFB start. The error 
bars on Case 1 show the measurement standard deviation. 

 

Figure 8. Flame propagation in individual cycles and 
cycle-averaged. The external black circle and the white 
dot in the middle of each figure indicate the piston bowl 
edge and spark plug location, respectively. Starting from 
the center of the image, the black, blue, red, green, and 
magenta lines show the flame location associated to 
0.5%, 1%, 1.5%, 2%, and 5% MFB, respectively. While 
individual cycles show expected flame curvature, the 
cycle-averaged figure supports the assumption of a 
spherically propagating flame. 
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pressure and temperature of the unburned mixture for the range 

of CA investigated, but their slopes were different. 𝑆𝑙 had a 

higher increase rate once the flame was stabilized (i.e., 𝑆𝑙 

followed the rate of in-cylinder pressure increase), while 𝑆𝑏 

increased faster up to 1-2% MFB. This behavior, not seen in 

flame studies done in constant-volume vessels, was probably due 

to a higher heat transfer from the flame area to the piston bowl 

as the distance between the flame front and the bowl edge 

decreased around TDC, and to a reduction in mixture motion as 

the piston speed reduced towards TDC. The 𝑆𝑏/𝑆𝑙  ratio also 

captured this phenomenon, indicating that 𝑆𝑏 increased slower 

than 𝑆𝑙 in the same period, which supports the assumption of a 

strong heat loss during the early flame stages. Figure 9 also 

shows the effect that the choice of the image one had on the 

burning speed and the 𝑆𝑏/𝑆𝑙 ratio, with their mean values 

decreasing by ~ 10% and ~25% from Case 1 to Case 2, 

respectively. In addition, the larger cycle-to-cycle standard 

deviation of the flame radius as the flame got closer to the bowl 

edge translated to a larger 𝑆𝑏 variation around its mean at TDC, 

which would suggest larger differences in flame propagation 

between engine cycles. However, Table 4 shows that if a large 

cycle-to-cycle difference in flame propagation existed indeed, it 

was not captured in the pressure-trace data. 

Another important parameter in early flame studies is the 

flame stretch rate, α, which describes the flame surface 

deformation from its motion and the underlying hydrodynamic 

strain. Using the assumption of a spherically outwardly 

propagating flame, the flame area 𝐴𝑏 and its rate of change were 

used to calculate α [24, 25]:  

𝛼 =
1

𝐴𝑏

𝑑𝐴𝑏

𝑑𝑡
=

1

2𝜋𝑟𝑓
2

4𝜋𝑟𝑓𝑑𝑟𝑓

𝑑𝑡
=

2

𝑟𝑓

𝑑𝑟𝑓

𝑑𝑡
                  (9) 

The burned gas Markstein length, 𝐿𝑏, describes the 

reduction in burning velocity due to the influence of stretch on 

the flame speed: 

𝑆𝑏 = 𝑆𝑏
0 − 𝐿𝑏𝛼                               (10) 

where 𝑆𝑏
0 is the unstretched flame speed. For constant pressure 

flame propagation,  𝑆𝑏
0 = 𝑆𝑙(𝜌𝑢/𝜌𝑏). 

Figure 10 shows the burned gas Markstein length for all 

imaged cycles. 𝐿𝑏 had an increased cycle-to-cycle variation 

towards TDC (i.e., at larger flame radius).  While 𝐿𝑏 was positive 

in some images, the mean 𝐿𝑏 was always negative, regardless of 

the method used to synchronize the images with the pressure 

trace. This indicate that the stretch mostly increased flame speed, 

which can be important for knock prevention [25]. More, the 

mean 𝐿𝑏 for Case 1 was relatively constant for the range of crank 

angle investigated. However, the mean 𝐿𝑏 for Case 2 gradually 

increased and approached zero for images around TDC, which 

suggest an increased pressure effect and a lower stretch influence 

at larger flame radius. As a result, the method used to 

synchronize the images with the pressure trace could influence 

the flame speed apparent response to flame front curvature and 

to flow strain. 

It is of interest to compare 𝑆𝑏 to the overall mean expansion 

speed of the burned gas, 𝑢𝑏, especially when related to knock 

prevention. Figure 11 indicates that 𝑢𝑏 was 12-15 m/s for all 

images, which is three times larger than the mean piston speed 

at these operating conditions. In the early flame stages, 𝑢𝑏 had a 

similar trend as 𝑆𝑏, but then decreased after -2º CA ATDC for 

both Case 1 and 2. This was probably due to the higher pressure 

of the unburned gases ahead of the flame front and the increased 

proximity of the bowl edge. More, Fig. 12 shows that the 

enflamed volume encompassed the whole bowl around 2º CA 

ATDC. Further, the image intensity was half of the maximum 

possible intensity at the camera setting used here. As Table 4 

 

Figure 10. Burned gas Markstein length for all imaged cycles 
for the two methods used to synchronize images with the 
pressure trace. The error bars on Case 1 show the standard 
deviation of the calculation. 

 

Figure 9. Laminar and mean burning flame speed (top) and 
their ratio (bottom). The error bars on Case 1 show the 
standard deviation of the calculation. 
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shows that only 5% of the total fuel mass burned at that CA, 

Fig. 12 suggests that an important mass fraction of unburned gas 

was pushed in the region above the piston crown and crevices 

during the early flame stages. While most of this unburned fuel 

will be pulled back into the reaction zone during the expansion 

stroke, it would be of interest how this would affect the overall 

combustion performance and unburned HC emissions. However, 

this was not done in this study. 

The phenomena mentioned above were probably specific to 

the combustion chamber geometry of the engine used here (i.e., 

bowl-in piston), which is different than that of a regular SI 

engine. As a result, it is important to assess the additional effect 

that a bowl-in piston geometry will have on flame propagation 

compared to a typical SI engine geometry after the early flame 

development. The analysis started with the statement in 

Refs. [14, 19] that the 𝑢𝑏/𝑆𝑏 ratio would approach the expansion 

ratio, 𝜌𝑢/𝜌𝑏 when 𝑥𝑏 → 0, as in the present study. While MFB 

was ~ 5% when the flame front arrived at the bowl edge, it was 

small enough to assume that 𝑢𝑏/𝑆𝑏  ≅ 𝜌𝑢/𝜌𝑏.  

As the piston approached TDC, the piston-crown-to-

cylinder-head clearance became smaller (~ 2 mm), which 

increased the surface-to-volume ratio above the piston crown. 

Such a small clearance would not only decrease the temperature 

of the unburned mixture and increase 𝜌𝑢, but it would probably 

reduce the flame speed on top of the piston crown due to 

increased flame heat loss compared to a similar flame in a typical 

SI engine geometry, which usually has much larger clearances. 

This would indicate that a bowl-in piston design would decrease 

the flame burning speed on top of the piston crown for piston 

positions around TDC, which could result in lower burning rates 

even if the operating conditions would result in 𝑢𝑏 and 𝜌𝑏 like 

those experienced in a typical SI engine. This would suggest a 

greater difficulty in controlling the knocking at higher loads, 

hence the benefit of changing the piston design for NG 

applications. More, while the mass fraction burned was below 

5%, the enflamed volume was ~ 50% of the total chamber 

volume. This suggests a thick flame, with a thickness magnitude 

of a similar order to the radius of the enflamed volume. While 

some of the unburned mixture previously pushed away from the 

bowl entered the field of view of the camera once the piston 

started its downward move, a large thickness of the turbulent 

flame means that during the early flame development the 

enflamed volume contained a large fraction of unburned mixture. 

This observation is supported by Fig. 12, which show many 

saturated images (i.e., the total intensity inside the bowl was 

equal to the maximum possible value) in a recorded engine cycle. 

In addition, combustion images showed flame activity after the 

EOC shown in Table 4. However, the high flame intensity in the 

bowl region after the flame front passed its limits or after the 

EOC from pressure data may not be enough to complete the fuel 

oxidation, hence the reported increase in unburned methane 

emissions from heavy-duty CI engines converted to NG SI 

operation. All these findings support the need for further 

investigations of flame propagation under conditions 

representative of CI engine geometries, such as those in this 

study.  

Finally, it is important to mention that the skip-firing 

strategy used in this work eliminated the effect of internal 

residuals on the early stages of flame development. Lean NG 

operation can result in partial-burning cycles, which could 

increase the cycle-to-cycle mixture nonuniformities near the 

spark plug. The effect would be an increase in the variation in 

the flame speed seen in Figs. 9 and 11. A more thorough 

investigation of the residual gas effects will be the scope of a 

future study. 

 

Figure 11. Mean expansion speed of the burned gas, 𝒖𝒃, and 

the mean gas speed just ahead of the flame front, 𝒖𝒈. Top 

figure shows the standard deviation of the calculation for 
Case 1. 

 
Figure 12. Mean total pixel intensity inside the piston bowl 

for Case 1. The location of 0.5%, 5%, and 98% MFB is also 

shown. 
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SUMMARY AND CONCLUSIONS 

The physics of turbulent flame propagation under conditions 

representative of compression-ignition engines converted to SI 

operation are critical for NG engine simulations. The study 

investigated a lean NG-air mixture (ϕ=0.66) at low speed and 

medium load. The experiments were performed in a single-

cylinder heavy-duty optical CI engine that was converted to SI 

NG operation through the addition of a NG injector in the intake 

manifold and by replacing the diesel injector with a NG spark 

plug. Analysis of crank-angle-resolved images correlated the 

size and growth rate of the measured early flame to the 

combustion parameters determined from in-cylinder pressure 

data, from the start of combustion until the flame filled the 

camera field-of-view. The major observations and conclusions 

of this study are: 

• There was a considerable delay (~ 4º CA) between the 

images SOC and the pressure trace SOC due to the 

location of the pressure transducer relative to the spark 

plug location, the pressure trace not capturing the low heat 

released from the initial enflamed volume, and the delay 

added by each component of the data acquisition system.  

• Strong evidence of turbulent flame wrinkling was seen in 

the movies of individual cycles. However, the cycle-

averaged flame edge in the 2D images was relatively 

circular throughout the visualization period. 

• Flame speed data suggests a different flame propagation 

inside a bowl-in piston geometry compared to a typical SI 

engine chamber, which would affect the overall 

combustion phenomena (i.e., misfiring, knocking, or 

emissions). 

• While the flame front propagated very fast inside the 

piston bowl, the corresponding mass fraction burn was 

small. This suggest a thick flame with a magnitude of a 

similar order to the radius of the enflamed volume. In 

addition, flame images showed flame activity after the 

EOC inferred from the pressure trace. 

• The moderate rate of pressure rise and lack of knocking 

showed promise for heavy-duty CI engines converted to 

NG SI operation. 

All these findings support the need for further investigations 

of flame propagation under conditions representative of CI 

engine geometries, such as those in this study.  

NOMENCLATURE 
ATDC  After Top Dead Center 

AHRR Apparent Heat Release Rate 

BTDC Before Top Dead Center 

CAx  CAD Corresponding to x % Mass Fraction Burned 

CAD  Crank Angle Degree 

CMOS Complementary Metal Oxide Semiconductor 

CR Compression Ratio 

DOI Duration of Injection 

EOC End of Combustion 

FL Flame Luminosity 

SOI Start of Injection 

SOC Start of Combustion 

TDC Top Dead Center 
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