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Abstract  1 

Because of the challenge of meeting stringent emissions regulations for internal combustion engines, some advanced low 2 
temperature combustion modes have been raised in recent decades to improve combustion efficiency. Therefore, detailed 3 
understanding and capability for accurate prediction of in-flame soot processes under such low sooting conditions are 4 
becoming necessary. Nowadays, a lot of investigations have been carried out to quantify in-flame soot in Diesel sprays 5 
under high sooting conditions by means of different optical techniques. However, no information of soot quantification can 6 
be found for sooting/non-sooting critical conditions. In current study, the instantaneous soot production in a two-stroke optical 7 
engine under low sooting conditions has been measured by means of a Diffused back-illumination extinction technique (DBI) 8 
and two-color method (2C) simultaneously. The fuels used were n-dodecane and n-heptane, which have been injected 9 
separately though two different injectors equipped with single-hole nozzles. A large cycle-to-cycle variation on soot 10 
production can be observed under such operating conditions, however the in-cylinder heat release traces were quite 11 
repeatable. It is the same with the well-known trends of soot amount to operating conditions that the probability of sooting 12 
cycles increases with higher ambient temperature, higher ambient density and lower injection pressure. Both techniques 13 
present a pretty good agreement on soot amount when the peak of KL value is close to 1. However, the KL value of two-14 
color method becomes bigger than that of DBI and the difference increases with lower sooting conditions. 15 
 16 
Keywords: Diesel sprays; soot critical conditions; optical engine; DBI; 2C 17 
 18 
Highlights: 19 
 20 
 One criterium based on radiation images has been defined to quantify sooting /non-sooting cycles. 21 

 Lift-off length variation has been found as the main reason of strong cycle-to-cycle soot variations. 22 
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 DBI and Two-color method have been applied simultaneously under such sooting/non-sooting critical conditions.  23 

 The advantages and limitations of both techniques have been compared. 24 

 25 
Nomenclature 26 
CFD           computational fluid dynamics  27 
HTHP          high-temperature high-pressure  28 
DBI            diffused back-illumination (DBI) extinction imaging 29 
2C            two-color method 30 
KL            optical thickness 31 
KLI            optical thickness from DBI technique 32 
KL2C           optical thickness from two-color method 33 
If              flame intensity 34 
I0             background intensity 35 
It              transmitted intensity 36 
Ib             black body intensity 37 
LOL           lift-off Length (mm) 38 
ASOI          after the start of injection (µs)  39 
ASOE         after start of energizing (µs) 40 
Pinj            injection pressure (bar) 41 
Ta             ambient gas temperature (K) 42 
d0            orifice diameter 43 
HT          high temperature conditions 44 
MT          medium temperature conditions 45 
LT           low temperature conditions 46 

 47 
Greek symbols 48 
ρa          ambient density 49 
ρf                fuel density 50 
ε           emissivity 51 
λ           wavelength (nm) 52 
τ           transmissivity 53 
Φ�H         cross-sectional average equivalence ratio at flame lift-off length 54 
𝜃𝜃           jet spreading angle. 55 
 56 

1 Introduction  57 

Compression-ignition (CI) engines have been widely used as the power machinery for vehicles because of their high-58 
power performance, low fuel consumption. However, soot emissions formed in the combustion of CI engines have 59 
significant negative impacts on human health and environment. Therefore, it is quite necessary for engine researchers to 60 
have more knowledge on soot production process and to reduce soot emission. Because of the extremely complex 61 
interaction between numerous physical and chemical processes involved in soot formation and oxidation, it is still a big 62 
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challenge for CFD to predict in-flame soot characteristics precisely [1]. In recent years, in order to have a better 63 
understanding of the soot processes in diesel combustion, lots of optical diagnostics have been applied in two main types 64 
of facilities, namely optical engines [1]-[8] and high-temperature high-pressure vessels (HTHP) [9]-[15]. In the latter type of 65 
facilities, the boundary conditions are highly controlled and injections are performed in a nearly quiescent environment. 66 
Thus, the soot production processes would be expected to be more repeatable than that in optical engines under similar 67 
operating conditions. On the other hand, the combustion process in optical engines is much more complicated because of 68 
the changing thermodynamic conditions, spray wall impingement and strong air-flow effects, which could result in strong 69 
cycle-to-cycle variations [16]-[18].  70 
 71 
Most of previous studies focus on soot quantification with high sooting fuels  [9][19]-[24] under relatively high sooting 72 
conditions, where soot formation takes place within each injection cycles. Pickett and Siebers [9] measured soot in diesel 73 
jets in HTHP by means of a point laser-extinction technique and laser-induced incandescence imaging. In this study, the 74 
ambient gas temperatures from 850 to 1300 K and the maximum KL value are higher than one for most operating 75 
conditions. The soot production of different biodiesels was studied by Zhang [20] and Xuan [24] by means of two-color 76 
method (2C) and a diffused back-illumination (DBI) extinction imaging technique, respectively. The soot maximum KL 77 
values in both literatures are also quite higher than one. Besides above literatures, a few works also focus on fully soot 78 
free combustion. Pickett and Siebers studied non-sooting combustion of diesel sprays in a HTHP vessel over a variety of 79 
operating conditions [25]. They concluded that this non-sooting combustion could be produced by means of small orifice 80 
nozzle, low ambient temperature and low oxygen concentrations. After that, Polonowski et al. investigated soot-free 81 
combustion strategies in a heavy-duty optical diesel engine with three injectors equipped with different number of nozzle 82 
holes [26]. Besides the conclusions from Pickett and Siebers, they also found that the re-entrainment of hot combustion 83 
products induced by wall impingement and proximity coupling induced by jet-to-jet spacing influence also plays important 84 
roles on in-cylinder soot formation. However, no information can be found for in-flame soot characterization under 85 
sooting/non-sooting critical conditions, namely threshold conditions where the soot can be produced or not be produced in 86 
the flame. With the development of advanced low temperature combustion (LTC) modes in CI engines, the in-flame soot 87 
production will become much less and the increase knowledge on in-flame soot quantification under such sooting/non-88 
sooting critical conditions will be very helpful for these LTC mode improvement. 89 
 90 
The aim of this paper is to improve the understanding for in-flame soot variation under sooting/non-sooting critical 91 
conditions by comparing two different optical techniques. The reasons for this strong soot variation will be figured out and 92 
the effects of ambient operating conditions on the soot variation will be studied. Additionally, the advantages and 93 
limitations of both optical techniques under such low sooting conditions will be compared. Consequently, n-dodecane 94 
under low sooting conditions, as well as a less sooting fuel, n-heptane, were selected to do the investigation in an adapted 95 
two-stroke optical diesel engine where a strong airflow exists because of the piston movement which could lead a strong 96 
cycle-to-cycle variation on fuel-air mixing. DBI and 2C techniques have been applied simultaneously to measure the 97 
instantaneous in-flame soot production (net result of soot formation and oxidation). In addition, the cylinder pressure is 98 
also recorded to assist the analysis.  99 
 100 
Including the present introduction, this document is composed of four sections. The next section gives a detailed 101 
description about the experimental facility, soot optical diagnostics and the test plan investigated in this paper. In the third 102 
section, the methodology of in-cylinder soot characterization is presented. The last section summarizes some of the most 103 
important conclusions of this investigation. 104 
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2 Experimental tools and test plan 105 

2.1 Test rig 106 

An optically accessible single cylinder two-stroke engine with three-liter displacement, 15.6:1 compression ratio and low 107 
engine speed (500 rpm) has been used for these experiments, which is described in detail in [27]. A cylindrical combustion 108 
chamber is designed with a diameter of 45 mm. This chamber has one upper access for the fuel injector, and four lateral 109 
orthogonal accesses. One of them is used for the pressure transducer whereas the other three are equipped with optical 110 
windows with geometrical dimensions of 88 x 37 mm and 28 mm thick. The Cross-sectional view of cylinder head is shown 111 
in Fig. 1. During engine operation, the block temperature is controlled by an external heating-cooling system. The intake 112 
air temperature and pressure are controlled by electrical resistors and an air compressor respectively. An injection takes 113 
place every 30 cycles, which guarantees that there is no remaining residual gas from previous combustion cycles and the 114 
ambient conditions in the chamber are kept constant between consecutive repetitions. The fuels used in this paper were n-115 
dodecane and n-heptane. Two common rail single-hole injectors fitted with nozzles with diameters 82 µm and 138 µm 116 
have been used in the experiments for n-dodecane and n-heptane, respectively. Thanks to the adequate cooling of the 117 
injector holder and the low injection frequency during operation, the nozzle tip temperature can be considered constant. 118 

 119 
 120 

Fig. 1  Cross-sectional view of cylinder head 121 

2.2 Optical techniques 122 

Simultaneous high speed DBI and 2C measurements has been realized thanks to the arrangement of the optical setup as 123 
shown in Fig. 2. The optical setup, all optical components and camera settings are same with authors’ previous literature[1]. 124 
Only some main principles are briefly stated here. 125 
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 126 

Fig. 2 optical arrangement 127 
 128 

2.2.1 Diffused Back-illumination Extinction Imaging 129 

A blue LED with was applied here as the light source to create high-output pulse light. A diffuser is placed in front of the 130 
LED to create a diffused Lambertian intensity profiles. After that, a Fresnel lens was mounted to magnify the visualization 131 
area to make it can cover the whole optical accesses. The distance between Fresnel lens and diffuser was kept a litter 132 
longer than the focus length of Fresnel lens in order to reduce the beam steering effects from vapor phase on extinction. 133 
On the collection side, the transmitted light of LED and the flame radiation are collected by a high-speed CMOS camera 134 
after passing through a spherical lens, a beam splitter and a corresponding bandpass filter. The DBI optical setup and all 135 
optical components are pretty similar compared to the ones in [2]. The only difference is the camera settings. Here, the 136 
exposure time of the camera was set to 6.62 ms with 264Х640 pixels image resolution running at 35 kHz and the pixel/mm 137 
ratio is 7.71. The light intensity detected by the camera includes two parts: the transmitted LED light intensity and the 138 
flame intensity. Due to the use of an interference filter, the crosstalk of flame radiation into the DBI camera is minimized in 139 
the visible wavelength range. However, the flashing frequency of the LED was set as half of the camera frame rate to 140 
capture an image between every two successive LED pulses, so that flame luminosity can be quantified and this 141 
information used to get the correct transmitted LED light. 142 
According to the Beer-Lambert law, the soot optical thickness (𝐾𝐾𝐾𝐾) was obtained after the correction.  143 

                                                                 
𝐼𝐼 − 𝐼𝐼𝑓𝑓
𝐼𝐼0

= exp (−𝐾𝐾𝐾𝐾) (1) 

The pulse frequency of LED was triggered as half as camera framerate, so that both LED on and off images are alternatively 144 
recorded. 𝐼𝐼 is the sum of the transmitted LED intensity and the flame luminosity as recorded by the DBI camera for a LED-145 
on image, 𝐼𝐼𝑓𝑓 is the intensity of the flame acquired for a LED-off image, 𝐾𝐾 is the dimensional extinction coefficient and 𝐾𝐾 is 146 

the path length of the light beam through the soot cloud. 𝐼𝐼0 is the incident radiation, as obtained from images before start of 147 
injection. The detailed information of the processing methodology to obtain the soot 𝐾𝐾𝐾𝐾 values can be referenced from[2]. 148 
Besides, the sum of soot mass (𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) along the line-of-sight at each pixel was derived from using an assumed density of 149 
1.8 g/cm3 for soot (𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)[28][29]: 150 
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                                                                 𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐾𝐾𝐾𝐾
𝜆𝜆𝐼𝐼
𝑘𝑘𝑒𝑒

×   pixel area (2) 

where 𝜆𝜆𝐼𝐼 is the extinction wavelength and 𝑘𝑘𝑒𝑒 is the dimensionless extinction coefficient. The total soot mass is then the 151 
sum of all pixel specific values over the entire image. 152 
 153 

2.2.2 Two-color method 154 

Besides extinction, the soot radiation intensity was directed into another two high-speed cameras by means of two beam 155 
splitters. Each of these cameras was equipped with a bandpass filter centered at 550 nm and 660 nm respectively. In order 156 
to make a comparison between DBI and 2C results at the same time during the same injection, all three cameras have been 157 
synchronized and image resolutions were also kept same. 158 
The 2C assumes that the flame radiation (with uniform spatial temperature and soot distributions) depends on the 159 
wavelength, the temperature and the amount of soot. The soot radiance 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 can be expressed as follows: 160 

                                                                 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜀𝜀 ∙ 𝐼𝐼𝑏𝑏 (2) 

where the black-body radiance (𝐼𝐼𝑏𝑏) can be written from Planck’s law: 161 

                                                                 𝐼𝐼𝑏𝑏(𝜆𝜆,𝑇𝑇) =
1
𝜆𝜆5

𝑐𝑐1
[exp �𝑐𝑐2𝜆𝜆𝑇𝑇� − 1]

 (3) 

and the emissivity 𝜀𝜀 can be obtained using the empirical correlation developed by Hottel and Broughton (1932)[30]: 162 

                                                                  𝜀𝜀(𝐾𝐾𝐾𝐾, 𝜆𝜆) = 1 − exp (
−𝐾𝐾𝐾𝐾2𝐶𝐶
𝜆𝜆𝛼𝛼 ) (4) 

where 𝑐𝑐1 and 𝑐𝑐2 are constants, 𝑐𝑐1 = 1.1910439 × 10−16 w m2sr-1 and 𝑐𝑐2 = 1.4388 × 10−2 mk. 163 
𝐾𝐾𝐾𝐾2𝐶𝐶 is the optical thickness calculated from 2C method. In order to transform grey levels into radiance values, calibration 164 
curves have been obtained by means of a tungsten-ribbon calibration lamp (Osram Wi17G), which was located at the same 165 
distance from the 2C cameras as the distance between the cameras and flame in the combustion chamber. 166 

 167 
2.2.3 OH* chemiluminescence 168 

Even though it is not shown in Fig. 2, the flame lift-off length (LOL) was also quantified for n-dodecane cases by means of 169 
the recording of OH* chemiluminescence radiation. An Andor Solis iStar ICCD intensified camera equipped with a 100 mm 170 
focal length f/2 UV objective and a 310 nm interference filter (FWHM = 10 nm) was used. Only one image per injection 171 
event was recorded from 4 ms to 5 ms after start of energizing (ASOE) with a pixel/mm ratio of 10.9.  172 

2.3 Test plan 173 

The investigated operating conditions are summarized in Tab.1. This test plan includes 4 operating conditions (2 operating 174 
conditions for each fuel) that have been denoted as high temperature (HT), low temperature (LT) and medium temperature 175 
(MT) conditions and three injection pressures were carried out for each of them. To determine the intake pressure and 176 
temperature values required to achieve the target TDC conditions, an accurate characterization of the engine has been 177 
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performed. Thermodynamic conditions inside the cylinder have been calculated from measured pressure, using a first-law 178 
thermodynamic analysis [31]. In order to do normalized analysis under different entrainment conditions, an equivalent 179 

diameter 𝑑𝑑𝑒𝑒𝑒𝑒 = 𝑑𝑑0 �
𝜌𝜌𝑓𝑓
𝜌𝜌𝑎𝑎

 will be applied in later section according to the classic definition in the literature [32][33]. A long 180 

injection energizing time was set as 4 ms at every operating point, which results in an injection duration around 5 ms, 181 
approximately. For the experiments of n-dodecane and n-heptane, 40 injections and 30 injections have been recorded 182 
respectively at each operating condition, respectively.  183 

Tab. 1 Test conditions. 184 

Operating  

conditions 
Fuel 

Pinj  

[bar] 

Ta  

[K] 
ρa [kg/m3] 

O2  

[%] 

𝒅𝒅𝒆𝒆𝒆𝒆 

[mm] 
COMMENTS 

HT 
n-dodecane (C12) 

n-heptane (C7) 
500/1000/1500 870 

22.8 (C12) 

21.2 (C7) 
21 

0.471 

0.756 
High Temperature 

LT n-dodecane (C12) 500/1000/1500 780 22.8 21 0.471 Low Temperature  

MT n-heptane (C7) 500/1000/1500 826 21.2 21 0.756 Medium Temperature  

3 Results and discussion 185 

3.1 Probability of sooting cycles 186 

A sequence of DBI and 2C radiation images (660 nm) of n-dodecane from 9 injections (out of 40) at 3200 μs ASOI (after 187 
start of injection) under LT500 (500 represents that injection pressure is 500 bar) condition are presented in Fig. 3 to show 188 
soot cycle-to-cycle variations. The fuel was injected vertically from top to the bottom of the optical window. A strong extinction 189 
near injector can be observed from DBI images which is mainly caused by Mie-scattering from fuel liquid droplets. From Fig. 190 
3 both techniques present a good agreement on the soot location and soot amount. A huge cycle-to-cycle variation can be 191 
observed from both techniques, where a strong soot extinction and radiation signal can be observed in the injection of 192 
second, third and eighth columns, while no soot can be detected in the injections of fifth and sixth columns. The apparent 193 
heat release rate (AHRR) is derived according to the first law of thermodynamics from cylinder pressure trace, which is 194 
recorded from a high-speed piezoelectric transducer installed in the combustion chamber. The corresponding AHRR to the 195 
injection cycles presented in Fig. 3 and averaged one over 40 injection cycles are shown in Fig. 4. It can be observed that 196 
the AHRR evolution is quite repeatable. Furthermore, the ignition delays are also quite repeatable over total injection cycles 197 
where the standard deviation of ignition delay is just 0.05 ms. In summary, it indicates the soot cycle-to-cycle variations are 198 
not mainly caused by ignition delay and heat release variations. 199 
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 200 
Fig. 3 One example of soot cycle-to-cycle variations at 3200 μs ASOI (C12, LT500). 201 

 202 
Fig. 4 Corresponding AHRR to Fig. 3 and averaged one (red curve) over 40 cycles (C12, LT500). 203 

 204 
A procedure for the quantification of the sooting/non-sooting transition has been developed based upon 2C radiation images 205 
at wavelength of 660 nm, which the signal-to-noise ratio is higher than that of 550 nm. Radiation occurs whenever soot is 206 
present at a high-enough temperature, and it is not subjected to beam-steering limitations in the lower range, as is the case 207 
of DBI. For each individual injection cycle, the digital values at each pixel (𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝) within each frame are integrated to get the 208 
time evolution as shown in Fig. 5 (a). After that, one single total radiation digital value (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑒𝑒) is derived by integrating the 209 

area below this time evolution, as shown in the following equation.  210 

                                                                 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑒𝑒 = �𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑑𝑑𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝𝑑𝑑𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 (5) 

 211 
where the 𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝 is the pixel number within each frame and 𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑒𝑒 is the frame number recorded for each injection. 212 

Thus, the total integrated radiation digital values with cycle variation is obtained, as shown in Fig. 5 (b). Finally, one threshold 213 
with 1.2 times of averaged background noise multiplying total frame of per injection was selected to quantify sooting/non-214 
sooting combustion for all operating cases. As observed in Fig. 5 (b), the cycles with star markers above the red threshold 215 
line are defined as sooting cycles. It could be argued that soot radiation intensity is more governed by local temperature and 216 
it might not be suitable to represent soot amount. Thus, the integrated total soot mass over total frames of each cycle is also 217 
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derived from DBI images and the relationship between total soot mass and total soot radiation intensity is presented in Fig. 218 
6. It can be observed that soot amount increases with increasing radiation intensity roughly linearly. On the other hand, the 219 
difficulty to remove beam-steering interference on extinction for DBI technique has to be considered, which could bring some 220 
uncertainties on soot quantification, especially for lower sooting cases. Finally, radiation images have been used for this 221 
sooting/non-sooting quantification instead of using DBI images.  222 

 223 

     224 
       (a) Integrated radiation digital values with frame evolution for a single injection cycle      (b) total Integrated radiation digital 225 

values with cycle variation 226 
Fig. 5 Procedure for quantification of the sooting/non-sooting cycles with radiation images (C12, LT500). 227 

 228 

 229 
Fig. 6 Relationship between total soot radiation and total soot mass of each cycle of n-dodecane under LT500 operating condition. 230 

 231 
Based on Fig. 5, the probabilities of sooting cycles, defined as the number of cycles where soot occurs divided by the total 232 
repetitions, are summarized in Fig. 7 for both fuels under all operating conditions.  Apparently, the probability of sooting 233 
cycles increases with higher ambient temperature, higher ambient density and lower injection pressure. It is consistent 234 
with the soot amount trend to operating conditions when soot production happens in all repetitions [9]. One interesting 235 
thing can be observed that this probability of n-heptane is lower than that of n-dodecane under HT conditions, even though 236 
the nozzle diameter used for n-heptane is much bigger and the axial KL value is also a little higher (Fig.12).  237 
 238 
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 239 
Fig. 7 Probability of sooting cycles for all operating conditions 240 

 241 
One possibility of this sooting/non-sooting transition is that the in-cylinder airflow caused by piston movement, which has a 242 
quite strong cycle-to-cycle variation as characterized by PIV in the same engine presented in reference [16][34]. It was 243 
shown in [34] that the standard deviation of airflow velocity reaches local values of the same order of magnitude as the 244 
corresponding average velocity. As shown in [16] and Fig. 4, the airflow does not create a significant influence on ignition 245 
delay variation because the ignition locations are usually located at spray upstream near injector where the airflow velocity 246 
is very slow. However, it indeed has a strong influence on flame downstream. Fig. 8 presents a comparison between spray 247 
axial velocity (which is derived from a 1D spray model [35][36]) and ambient airflow axial velocity (which is derived from 248 
previous PIV measurement [16]) under non-reacting conditions. It can be observed from Fig. 8 that the airflow velocity (~ 5 249 
m/s) at spray tip is almost negligible compared to spray tip velocity (~ 60 m/s) at the beginning of fuel injection (-4° ATDC). 250 
However, the airflow axial velocity becomes much more important when the spray penetrates farther than 40 mm at -2° 251 

ATDC (more than 25% of spray tip velocity ). As a consequence, the strong cycle-to-cycle variation on airflow velocity will 252 
bring a significant influence on fuel-air mixing. What’s more, it can be speculated that the variation of airflow can also 253 
influence fuel-air mixing of reacting spray, as well as soot production.  254 

 255 

Fig. 8 Spray axial velocity (solid lines) and ambient airflow axial velocity (dashed lines). (Ta =760 K, ρa =19.3 kg/m3) 256 
 257 
Furthermore, the airflow also has a strong influence on flame lift-off length variation. The OH* images and corresponding 258 
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LOL values of n-dodecane of from 6 injections under LT500 condition are presented in Fig. 9. It can be found the LOL can 259 
range from 10.3 mm to 24.2 mm. This could be mainly caused by strong cycle-to-cycle variation of backward flow of hot 260 
burned gas. Fuyuto et al. [38][39] also observed similar phenomenon in engine combustion chamber with multiple-hole 261 
injectors.  262 
It is known that there is a strong relationship between flame LOL and soot production [9]. The LOL and corresponding 263 
cross-sectional average equivalence ratio at LOL (𝚽𝚽�𝐇𝐇) of n-dodecane under all operating conditions are shown in Fig. 264 
10，where the error bars represent cycle-to-cycle variation.  𝚽𝚽�𝐇𝐇 is estimated based on the expressions as follows, which 265 

is referenced from [9][25][26].  266 
 267 

                                                                 Φ�H =
2 ∙ (𝐴𝐴/𝐹𝐹)𝑠𝑠𝑠𝑠

�1 + 16 ∙ � 𝐻𝐻𝑥𝑥+�
2
− 1

 (6) 

where (𝐴𝐴/𝐹𝐹)𝑠𝑠𝑠𝑠 is the stoichiometric air-furl ratio by mass for a given fuel, H is the value of LOL. 𝑥𝑥+ is a characteristic 268 
length scale for the fuel jet which is defined as following equation： 269 

 270 

                                                                 𝑥𝑥+ = �
𝜌𝜌𝑓𝑓
𝜌𝜌𝑓𝑓

�𝐶𝐶𝑓𝑓 ∙ 𝑑𝑑0
𝑎𝑎 ∙ tan (𝜃𝜃/2) (7) 

where 𝐶𝐶𝑓𝑓 is the orifice area contraction coefficient, 𝑎𝑎 is a constant with a value of 0.75, and 𝜃𝜃/2 is the jet spreading 271 
half-angle. 272 
 273 
As proved in [25][26], a soot free combustion will occur when  𝚽𝚽�𝐇𝐇 < 2. Two different 𝚽𝚽�𝐇𝐇 values are presented in Fig. 10 274 
for each operating condition with two limit positions of LOL (LOL ∓ std). It can be found that the strong variation of LOL also 275 
leads to a strong influence on 𝚽𝚽�𝐇𝐇 values. The up limits of 𝚽𝚽�𝐇𝐇 values of LT1000 and LT1500 cases are smaller than 2, 276 
consequently, some non-sooting combustion cycles takes place. On the other hand, the up limits of 𝚽𝚽�𝐇𝐇 values of the other 277 
four conditions are all greater than 2, thus, the soot will be produced within all cycles. It is consistent with the probability of 278 
sooting cycles as shown in Fig. 7. It needs to be pointed out that the OH* measurements were not carried out simultaneously 279 
with soot measurements, which could be the reason for this non-perfect consistency on LT500 between Fig. 7 and Fig. 10.280 

 281 
Fig. 9 One example of OH* images of six injections under LT500 condition with fuel of n-dodecane 282 
 283 
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 284 
Fig. 10 LOL and corresponding 𝚽𝚽�𝐇𝐇 of n-dodecane. Error bars represent cycle-to-cycle variation. 285 

3.2 Soot quantification 286 

In order to make parametric comparisons for in-flame soot production, averaged KL values over all repetitions are obtained 287 
from DBI images. The averaged axial KL value comparisons (at 3800 μs ASOI) of three injection pressures under LT and 288 
MT conditions for n-dodecane and n-heptane respectively are shown in Fig. 11. The distance away from the nozzle orifice 289 
is normalized with the equivalent diameter. In general, the trend of soot production with injection pressure of both fuels is 290 
consistent with previous literatures, where the KL value increases with lower injection pressure because of shorter LOL and 291 
longer residence time [9][37]. However, the difference of KL values between LT1000 and LT1500 cases of n-dodecane is 292 
quite small. With present setup, beam steering still exists because of the imperfect Lambertian light source, which 293 
determines the lower KL detection limit. Fig. 12(a) presents the axial KL values averaged over non-sooting cycles for the 294 
fuel of n-dodecane，where the light extinction is mainly caused by beam steering. Fig. 12(b) presents one example of 295 

comparison for axial KL values averaged over all cycles and non-sooting cycles under LT1000 condition. It can be found 296 
from Fig. 12(b) that under such low sooting conditions (KL <0.2) it is beyond the lower KL detection limit of DBI technique, 297 
where the extinction caused by beam steering is almost equal to the KL value averaged over all cycles. As a consequence, 298 
even though it is supposed the axial KL value of LT1000 is higher than that of LT1500 because of shorter LOL and longer 299 
residence time, the difference can be hardly distinguished. 300 

 301 
As observed for those quite low sooting conditions, both soot amount and soot radiation intensity are quite low, which could 302 
result in a low signal-to-noise ratio and high uncertainties on DBI and 2C results. As a consequence, in order to make a 303 
comparison between DBI and 2C to check the sensitivity of both techniques to operating conditions in following analysis, 304 
the KL values are calculated based on images averaged over only sooting cycles to increase the signal-to-noise ratio. 305 

 306 
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 307 
(a) LT, n-dodecane                                (b) MT, n-heptane 308 

Fig. 11 Averaged axial DBI-derived KL value of three injection pressures over total cycles (at 3800 μs ASOI). 309 

 310 

(a) Axial KL values averaged over sooting cycles      (b) Axial KL values under LT1000 conditions 311 

Fig. 12 Beam steering effects on KL values of n-dodecane (at 3800 μs ASOI, LT condition). 312 

 313 
As for DBI technique, the extinction caused by scattering is negligible according Rayleigh-Debye-Gans theory [1][40]. Thus, 314 
the soot absorptivity 𝛼𝛼𝜆𝜆𝐼𝐼 under extinction wavelength 𝜆𝜆𝐼𝐼 can be obtained as follows: 315 

 316 
                                                                 𝛼𝛼𝜆𝜆𝐼𝐼 = 1 − 𝜏𝜏 = 1 − exp (−𝐾𝐾𝐾𝐾𝐼𝐼) (8) 

where 𝜏𝜏 is transmissivity. 317 

According to Kirchhoff law, under thermal equilibrium the absorptivity equals emissivity, as shown below 318 

                                                                 1 − exp(−𝐾𝐾𝐾𝐾𝐼𝐼) = 1 − exp (
−𝐾𝐾𝐾𝐾2𝐶𝐶
𝜆𝜆𝐼𝐼𝛼𝛼

) (9) 

where α is the dispersion exponent and it is taken as 1.39 according to [3]. As a consequence, the relationship of the optical 319 
thickness between DBI and 2C can be expressed as follows: 320 

 321 
                                                                 𝐾𝐾𝐾𝐾𝐼𝐼 = 3.034 ∙ 𝐾𝐾𝐾𝐾2𝐶𝐶 (10) 
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In order to make the KL values from these two techniques more comparable, the 𝐾𝐾𝐾𝐾2𝐶𝐶 value will be converted into DBI 322 
scale according to Eq.(10) . One thing needs to be pointed out here that the soot KL value from both DBI and 2C techniques 323 
are calculated over sample-averaged images, instead of instantaneous images. 324 

 325 
Fig. 13 shows axial KL values from both techniques, as well as the axial soot temperature from 2C, where two cases 326 
under relatively high sooting and low sooting conditions are presented for each fuel. It can be observed from Fig. 13(c) 327 
that both techniques present a pretty good agreement on the soot amount quantification when the maximum KL value is 328 
close to 1, which is consistent with the findings presented in [1]. This means that the uncertainty caused by soot signal 329 
self-absorption can be negligible under such low sooting conditions. However, an apparent difference appears between 330 
two techniques when the KL value becomes smaller (Fig. 13(a)) where the KL of 2C is higher than that of DBI and the 331 
difference becomes bigger with continuous decreasing KL value (Fig. 13(b) and Fig. 13(c)). It is opposite with the findings 332 
in [1] where the KL of DBI is much higher than that of 2C due to the strong signal self-absorption effects on 2C, which is 333 
obtained under high sooting conditions where the maximum KL value is much higher than 1. One possibility is that the 334 
sensitivity of light extinction of DBI under such low sooting conditions is not as strong as high sooting conditions which 335 
could be caused by more important role of light diffraction when it passes through tiny soot particles, i.e. beam-steering 336 
effects. Consequently, the transmitted light would be higher and the calculated KL value would be smaller than the real 337 
one. In general, the soot temperature follows the same trend with the results from previous research, i.e. temperature 338 
increases with spray axis until the flame tip.  339 
 340 
In summary, according to the findings in present paper and our previous research [1], both techniques present their 341 
advantages and limitations on Diesel spray in-flame soot quantification. 342 

 When soot production is too high (KLmax >>1), the results from DBI is more senstive to soot amount than that of 2C. 343 

 When KLmax is close to 1, DBI and 2C present a good agreement. 344 

 When soot production is too low (KLmax <0.2), it beyonds the detection limit of present DBI setup. 345 

 346 
(a) HT500, C12 (probability of sooting cycles = 100%)   (b) LT500, C12 (probability of sooting cycles = 92.5%)   347 
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 348 
(c) HT500, C7 (probability of sooting cycles = 96.7%)       (d) MT1000, C7 (probability of sooting cycles = 23.3%)349 

350 
Fig. 13 Axial soot KL value and soot temperature at 3800 μs ASOI. Solid blue lines represent KL value from 2C, Solid black lines represent 351 
KL value from DBI, red dashed lines represent soot temperature from 2C.  352 

4 Conclusions 353 

A methodology was implemented to quantify the in-flame soot production of Diesel spray under sooting/non-sooting critical 354 
conditions. All the measurements were realized in a single cylinder two-stroke optical engine which was equipped with a 355 
single-hole injector. The fuel selected here were n-dodecane and n-heptane and the soot measurements were carried out 356 
by means of DBI and 2C simultaneously. The following conclusions were reached in this study: 357 
 358 

1) Within this study, the soot production presents a quite strong cycle-to-cycle variation. However, the in-cylinder heat 359 

release rate is quite repeatable. One criterium based on radiation images was defined to quantify sooting or non-360 

sooting cycles. The probability of sooting cycles increases with higher ambient temperature, higher ambient density 361 

and lower injection pressure. 362 

2) The strong cycle-to-cycle variations of soot production are mainly caused by significant fluctuations on flame lift-off 363 

length which could be caused by the strong variation of in-cylinder flow. At least it has been proved under optical 364 

engine environment tested. 365 

3) The trend of averaged soot KL value with injection pressure under such low sooting conditions is consistent with 366 

previous research. However, the present DBI setup is not able to quantify soot amount when the KL value is reaching 367 

the DBI lower KL detection limit determined by beam-steering. 368 

4) Under studied operating conditions, DBI and 2C techniques present a pretty good agreement on soot amount 369 

quantification when the maimum KL value is close to 1 where soot signal self-absorption issues of 2C is almost 370 

negligible. However, KL of 2C is higher than that of DBI when the soot amount become less and the difference 371 

becomes bigger with continuous decreasing KL value 372 
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