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Soot primary particle size distribution along the centerline of a laminar coflow methane/air diffusion flame
doped with vaporized n-heptane at atmospheric pressure was studied using the planar two-color time-resolved
laser-induced incandescence (TiRe-LII) technique and analysis of transmission electron microscope images. An
improved thermophoretic probe sampling procedure was used to collect samples of soot particles. The LII signals
captured at two wavelength bands in the visible are used to determine the soot effective temperature by two-
color pyrometry. The methodology was first validated against the literature data obtained in a laminar coflow

ethylene/air diffusion flame. The same methodology is then applied to the n-heptane doped methane flame
along the flame centerline. The Sauter and geometric mean diameters of soot primary particles were obtained.
Good agreement is found between the soot primary particle size distributions obtained by the two techniques.

1. Introduction

The transportation sector is a major contributor to the emissions of
greenhouse gases and soot [1]. This sector consumes predominately
liquid fuels, especially gasoline and diesel [2]. Due to the inherent
complexities of these fuels in compositions, the primary reference fuels
(binary mixtures of n-heptane and/or iso-octane) are commonly used as
gasoline surrogates for modeling the combustion characteristics of real
gasoline [3]. In this context, it is important to understand the sooting
characteristics of n-heptane and iso-octane, especially the role of fuel
chemistry. Considering the complexity of combustion engines, it is
desirable to investigate their sooting characteristics in conventional
laminar diffusion flames fueled with vaporized n-heptane or iso-octane
to gain a clear understanding of the role of fuel chemistry in soot for-
mation [4]. However, this methodology still encounters the difficulties
of flame stability [5,6]. In previous studies, a less sooting gaseous
carrier fuel, such as methane, doped with a small amount of PRF fuels
[7,8] has been used to study the soot propensity of PRF fuels. In the
present work a modified heated Giilder type burner is employed in
order to mitigate flame instability issues.

Soot morphological properties such as primary particle diameters
are commonly studied based on the thermophoretic sampling (TS)
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technique and subsequent transmission electron microscopy (TEM)
image analysis, despite the uncertainties related to the intrusiveness of
this technique. Some attempts, with limited success, have been made to
improve the accuracy of soot particle sampling in terms of sampling
time and sampling locations. As proposed by Koyli et al. [9], the
sampling timing can be monitored by using a specially designed system
of laser and a detector to check both the traveling and exposure times.
This allows a time resolved verification of the sampling procedure [10].
This objective can also be achieved by using a high-speed camera [11].
However, these methods can be expensive and in fact, as we explain
later in the present study, reasonable accuracy can be achieved with a
conventional camera by monitoring the attenuated laser signal caused
by the sampling grid entering the flame. In addition, the exact sampling
location of the TEM grid has usually been overlooked in the literature
and there have been no studies monitoring in situ if the sampling grid
were placed at the desired location. Here, we present a procedure to
determine the sampling grid location to improve the accuracy of the
thermophoretic sampling technique.

Several studies have reported the primary particle diameters of soot
produced in different liquid fuels particularly focusing on heptane and
n-heptane diffusion flames. Qiu et al. [12] and Li et al. [13] have re-
ported the mean primary particle diameters measured at different
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locations along the centerline for different n-heptane/n-butanol diffu-
sion flames with very low soot volume fractions (< 0.12 ppm). Never-
theless, the soot primary particle mean diameters have been found to
increase first to reach a maximum value to then decrease mono-
tonically. The reported mean values are within the 10-22 nm range.
Botero et al. [14] measured the mean primary particle diameter at the
centerline and the wings of a heptane diffusion flame and found no
difference in terms of mean values; however, different standard de-
viations can be inferred from the reported primary particle size dis-
tributions. Kashif et al. [4,15] investigated soot formation in laminar
methane diffusion flames doped with mixtures of vaporized n-heptane
and toluene, finding a monotonically decreasing trend of the soot
propensity with increasing the percentage of n-heptane in the fuel
mixture. The soot particle size distributions in n-heptane/toluene dif-
fusion flames measured have been reported to be bimodal and the size
increases due to toluene addition [16,17]. Typically, the mean primary
particle diameters are reported without the corresponding standard
deviations. Geometric mean, Sauter diameter and geometric standard
deviation are also not commonly reported. Also, for the particular case
of n-heptane doped flames of strong interest there has been no attempt
to conduct soot primary particle sizing using both the Time Resolved
Laser-Induced Incandescence (TiRe-LII) [18] and TEM image analysis.
Coupling TEM image analysis with TiRe-LII for primary particle sizing
appears a powerful method [19]. The advantages of coupling both
techniques are (1) to reduce the measurement uncertainty, since TEM
image analysis serves as validation of the TiRe-LII results at limited
locations, and (2) to allow imaging of primary particle size distribution
in the entire laser sheet with improved accuracy. TEM image analysis is
time-consuming and offers only single-point measurement at a small
number of locations, while TiRe-LII permits allows rapid measurement
of soot primary particle distribution in the excitation laser sheet with
high spatial and temporal resolution [20,21].

In this work, the soot primary particle diameter distribution along
the centerline of a n-heptane doped methane/air coflow diffusion flame
generated using a modified heated Giilder type burner is studied using
the methods of TEM image analysis and Ti-Re LI A brief description of
the TiRe-LII model and experimental methodology of combined tech-
niques TiRe-LII and TS sampling/TEM image analysis are given. The
two color-pyrometry of flame emission is used to determine the local
flame soot temperature. The TS sampling, i.e., the TEM grid, at the
flame centerline is ensured by using the line-of-sight attenuation
(LOSA) technique. Results of TiRe-LII are compared locally along the
flame centerline with the results from TEM image analysis of sampled
soot. The sampling of soot was performed following an improved pro-
cedure with the help of the LOSA setup to ensure the accurate position
of the sampling probe in the flame.

2. Numerical and experimental methodologies
2.1. TiRe-LII model

The TiRe-LII technique uses a short laser pulse (nanosecond scale) to
rapidly heat the soot particles to temperatures much higher than the
initial state and then detects the resultant spectral incandescence sig-
nals (Syy;) at different wavelengths in a time-resolved fashion until the
soot particles cool significantly [22,23]. As the temperature of larger
soot particles decreases slower than that of smaller ones, the inter-
pretation of the signal or soot temperature decay using an appropriate
LII model allows the determination of the primary particle size dis-
tribution [24,25]. The time-resolved incandescence signals detected at
two spectral bands in the visible can be used to infer time-resolved soot
effective temperature [22,23,21,26], which in combination with an LII
model permits to estimate the Sauter mean diameter (ds,) [27] and the
geometric mean of the lognormal distribution of soot primary particle
diameter [28,29]. The energy equation of a single soot primary particle
can be written as [25]:
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where d; is the primary particle diameter, o, and ¢, are the soot density
and specific heat, respectively. The term C, is the absorption cross
section of the soot primary particle, F is the laser fluence and q(¢) is the
pulsed laser temporal power density corresponding to unity laser flu-
ence [30]. The term on the LHS of Eq. (1) is the rate of internal energy
variation of the single soot particle. The RHS of Eq. (1) represents: the
laser energy absorption, the heat loss by thermal radiation, the heat loss
by conduction to surrounding gas and the energy loss by soot sub-
limation. In this work, the soot particle energy loss is modeled con-
sidering the processes of conduction [31], radiation [24] (though ra-
diation is negligible at atmospheric pressure), and sublimation losses
[32,25]. The sublimation heat loss rate was modeled using the Liu
model in [25]. Eq. (1) is solved numerically for a set of soot primary
particle diameters (d; = [1, 120] nm) following the methodology pro-
posed by Liu et al. [27].

Based on the principle of two-color pyrometry, the detected LII
signals at the two spectral bands allow to obtain an effective tem-
perature (T;) of the soot particles, which can be expressed as (here
Al < 12) [33]:
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where E (m;) is the absorption function dependent on the soot refractive
index m; [34], his the Planck constant, k; is the Boltzmann constant and
c is the speed of light. On the other hand, the soot effective temperature
can also be numerically calculated based on the solutions to Eq. (1) at
different primary particle diameters and an assumed size distribution.

To this end, the modeled total thermal emission intensity at a wave-
length 4; can be expressed as [28]:
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where, the temperature T (d;) is the solution of Eq. (1) and p(d,) is the
soot primary particle diameter distribution, which is assumed to follow
a lognormal distribution in this work with parameters d,, and g, [29].
Similar to Eq. (2) used to determine the experimental effective soot
temperature, Eq. (3) allows to determinate the theoretical effective soot
temperature based on modeled LII signals at the same two wavelengths
as the LII signal detection. Using the Wien’s approximation
exp(hc/kAT) > 1 [33], the theoretical effective soot temperature can be
written as

e ( 1 ) i p(@) dexpl=Co/ AT (dy)dds
T A) T [T p)dexp[~Co/ AT (dy)]dd; @

Following the method proposed by Liu et al. [27], the primary soot
particle diameter distribution parameters d,; and g, can be obtained by
minimizing the difference between the measured and modeled soot
effective temperatures at a moment during particle cooling, i.e, the
difference in T, determined using Egs. (4) and (2) at a selected time
typically about few hundred nanoseconds after the laser pulse, and by
using the Sauter mean diameter (d;,) determined from the initial decay
rate of the experimental soot effective temperature. According to Liu
et al. [27], the Sauter mean diameter (d3,) can be evaluated based on
the initial temperature decay rate in the low-fluence regime (the peak
soot temperature is below about 3700 K) as

@l - _ G(Tmax - TE))
dt ™ ds» ’ 5)

where the peak soot particle temperature (T,,) in the low-fluence re-
gime is assumed to be independent of the soot primary particle dia-
meter and the initial soot temperature T, (without laser heating) is
experimentally obtained by pyrometry. The soot temperature field T is
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measured based on spectrally-resolved emission of soot at two wave-
lengths, according to the methodology developed by Escudero et al.
[35]. The parameter © represents the thermal properties of soot parti-
cles and surrounding gas, necessary to model the heat conduction
process, which can be considered in the free-molecular regime in the
present study [27]. Finally, for a lognormal distribution the Sauter
mean diameter (ds) is related to the two parameters of the lognormal
distribution as

dy, = dpgexp[2.5(Ing,)? ). 6)

For an initial guessed value of g, d; can be calculated using Eq. (6),
where (d3,) is obtained from the initial soot effective temperature decay
rate determined experimentally. Using these two parameters of the
lognormal distribution the theoretical T, can be determined using Eq.
(4). By matching the theoretical effective soot temperature at a selected
moment after the laser pulse with that determined experimentally, it is
possible to determine the two parameters of the lognormal size dis-
tribution as demonstrated by Liu et al. [27].

2.2. Experimental methodology

Fig. 1 displays a schematic of the experimental setup used in this
study. The TiRe-LII [20] and TEMs [36] techniques are used directly for
soot sizing. Additionally, the LOSA [37] technique is used to monitor
the sampling position of the TEM grid to ensure that the TEM grid is
stopped at the required sampling position in the flame. In Fig. 1 it is
possible to observe some details of the heated burner and the vapor
delivery module (VDM) employed to supply the vaporized fuel. In the
following section, a brief description is given for each experimental
component and diagnostic technique used, more details can be found in
the references indicated therein.

2.3. Heated burner and liquid fuel supply

The laminar diffusion flames are generated using a modified heated
Giilder type burner (noted by D6 in Fig. 1). A Bronkhorst VDM (D1,
model SW-100-2-30-A-21-K) is employed to vaporize n-heptane and
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mix the vapor with methane (carrier gas). The liquid fuel is stored in a
tank (D4) pressurized by an inert gas (N;) and delivered directly to
VDM. To prevent fuel vapor condensation in the burner system, the
vaporized fuel/methane mixture is delivered through a Kletti heated
hose (D5), controlling the temperature at 130 °C by a KM-RD1002 (D2)
and a controller (D8). The vaporized fuel mixture and the co-flow air
are both heated and controlled with Omega silicon heater bands (iso-
lated by the burner body D7) to maintain a temperature at 75 °C and
140 °C, respectively. The diffusion flame studied here was fueled with a
mixture of vaporized n-heptane with a mass flow rate of 3.27 g/h and
methane with a flow rate of 200 cm*/min. The flow rate of co-flow air
was maintained at 90 L/min with a thermal mass flow meter (Bron-
khorst SLA5853S2, D3 in Fig. 1).

2.4. TiRe-LII

The set-up for TiRe-LII experiments is presented in Fig. 1 (the C
components). The incandescence signal of soot particles (Sy;;) is pro-
duced by the irradiation of a second harmonic (532 nm) Nd:YAG Litron
laser pulse model Aurora II (C1) at 10 Hz. A circular aperture of 7 mm
diameter selected only the central portion of the beam to produce a
nearly top-hat spatial laser profile. The delivered beam energy is atte-
nuated by a combination of half-wave plate and thin-film polarizers.
Beam samplers are used to deviate a tiny portion of the laser in order to
characterize the energy distributions, both spatially and temporally.
The energy is evaluated in a Coherent J-50MB-YAG energy sensor (C4)
and Coherent Labmax TOP energy meter (C7). Also, the spatial beam
energy distribution is captured at each pulse by a beam profiler Co-
herent LaserCam-HR II (C3) and a radial average profile of 50 images is
shown in the top left inset of Fig. 1. The laser pulse temporal profile is
measured by a fast silicon photodetector ET-2030 (C2) of 300 ps rise
time, coupled to a digital oscilloscope Tektronix TDS2024C (B5), re-
sulting in a mean pulse duration of 8 ns FWHM at 532 nm. A laser sheet
of 200 um thickness and 70 mm high is generated by the combination of
two spherical and one cylindrical lens of f= —50 mm, +100 mm and
— 50 mm, respectively. This laser sheet was delivered to pass through
the flame centerline. The maximum laser energy deviation is estimated

Fig. 1. Schematic of the experimental set-up for the burner system and LOSA, TEM and TiRe LII diagnostics.
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Table 1

Thermophoretic sampling conditions.
HAB tres 1 Zone HAB tres 5 Zone
mm ms ppm mm ms ppm
33.7 9.5 0.5 SF 44.1 12.3 1.8 SO
35.7 10.1 1.0 SF 46.1 12.8 1.6 SO
37.8 10.6 1.4 SF 48.2 13.4 1.3 SO
39.9 11.2 1.7 SF 50.3 13.9 0.8 SO
42.0 11.7 1.9 52.4 14.5 0.6 SO

at ~15% from the mean, measured by laser induced fluorescence (LIF) of
Rhodamine B [38]. The laser fluence employed in this study was esti-
mated at 0.10 J/cm?, allowing a good signal-to-noise ratio and to
minimize the effect of particle sublimation.

The LII signal Sy is detected at two spectral regions using bandpass
filters centered at 450 nm and 650 nm (40 nm bandwidth). This de-
tection is chosen to improve the spectral sensitivity of the detection
system and to avoid the interference with the induced PAHs fluores-
cence [39] and other species [40]. An ICCD camera Andor iStar
DH334T (C6) of 1024 x 1024 px coupled with a Nikon AF Nikkor 50 mm
lens (f/1.4) is employed to capture the image of LII signals S;;;. The
detection system is synchronized using an external pulse and delay
generator (C5) triggered with the laser Q-Switch. To capture the tem-
poral decay of S;;; a set of 150 images are recorded at an interval of
20 ns [20].

The LOSA setup is composed by an ECCD camera (A1), a collimated
LED (A2) and an achromatic lens (A3). As explained above, the initial
soot temperature before laser heating T is evaluated by two-color
pyrometry employing the same set-up devoted to LOSA measurements
and following the procedure reported in [35]. As shown in Fig. 1 an
Andor Luca R ECCD (Al) camera is employed to capture the soot
emissions filtered with bandpass spectral filters (10 nm FWHM) cen-
tered at 660 nm and 900 nm.

2.5. TEMs particle sizing

Fig. 1 also shows the thermophoretic sampling system (B compo-
nents) used to collect soot with the rapid insertion of a probe holder,
which held a 3 mm diameter, 400 mesh carbon coated copper grid (TED
PELLA 01822 and 01844-F). The holder consisting of a 0.37 mm thick
and 3.05 mm wide stainless steel tongue was attached to a double
acting pneumatic cylinder (B1) electrically controlled by device B2. The
methodology to insert the grids inside the flame was adopted according
to the procedure proposed by Cortés et al. [36]. A traveling time of
~5ms (in and out the flame) was verified with a Tektronix TDS 2024C
oscilloscope (B5) and was expected to be sufficiently short to avoid soot
deposition during the passing of the probe through the flame wing to
the flame centerline [41]. A sequence of images were recorded and
checked to assure the position of the grid along the flame centerline
(see Fig. 1). In the time sequence of images shown at the top of Fig. 1,
the grid holder was traveling towards the burner centerline (at 28 ms),
reached the centerline (at 30 ms), stopped there between 30 and
130 ms, providing a sample time of 100 ms, and finally returned to-
wards its initial position. Additionally, in this figure it is possible to
observe that the holder traveled towards the burner centerline at an
axial position just above the burner exit and properly placed as verified
by the in situ transparent dimensional calibration grid (B3).

The sampling duration was chosen short enough to cause less than
20% of grid coverage by soot particles according to Dobbins and
Megaridis [42] but long enough to collect an adequate amount of
particles to ensure that the results of TEM image analysis are statisti-
cally meaningful. As reported by Kashif et al. [4], the soot volume
fractions (f,) along the centerline of this flame are fairly low, justifying
the fairly long sampling time of this study compared to that typically
used in TEM sampling of soot in ethylene diffusion flames (20 to
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50 ms). Comparable TEM sampling times can be found in the literature
under similar conditions [43,44]. In fact, Kempema et al. [45] tested
different sampling times and found no appreciable differences in the
resultant primary particle diameters. In addition, the holder position
was also verified using the LOSA images. A collected TEM grid would
not be analyzed if the holder sampling location was found off the flame
centerline. This procedure is particularly important at positions close to
the flame tip or when the flame experiences flickering instability. In
summary, the TEM sampling system is a prior arranged with the help of
the calibration plate along the radial direction and for different height
above the burner (HAB) with a linear motor stage (B4). During the
experiments, the sample position is also confirmed by taking the images
obtained using the LOSA setup (see in Fig. 1), which was adopted to
measure the soot volume fraction distribution [37]. In this work, TEM
sampling was only performed along the flame centerline. As can be seen
in Table 1, f, along the flame centerline varies between 0.5 and 1.9 ppm
over the HAB range considered.

It is noticed that the HAB values in Table 1 refer to those determined
by the linear motor stage, but not necessarily the exact locations of the
soot particles analyzed from TEM images, given the 3 mm diameter of
the sampling grid. Also, in Table 1 HAB = 42 mm is the location where
the soot volume fraction peaks and is considered the boundary between
soot formation (SF) and soot oxidation (SO) zones for convenience of
discussion.

According to the trend of f, four points were sampled in the SF zone
and five points in the SO zone. The corresponding soot residence times
(tyes) are also reported for each HAB [36]. TEM images were obtained by
using a Philips CM30 300 kV transmission electron microscope. These
TEM images consist of 1024 X 1024 px and a magnification of 45,000,
i.e., the resolution of images is 0.237 nm/px and a maximum length is
242 nm. These images are used to calculate the diameter of primary
particles. To this end, there are currently two alternatives available in
the literature: automatic, e.g. [46], and manual methods [47,48]. As
discussed in [46] both methods provide soot primary particle diameters
that are in reasonably good agreement. In fact, the results of the manual
method are used to validate those of the automatic method.

3. Results and discussion
3.1. Validation

A set of experimental measurements were first carried out using the
same set-up to validate the TiRe-LII technique presented above for soot
primary particle sizing. In this case, a laminar diffusion flame generated
with 0.22 slpm flowrate of ethylene and 38.2 slpm flow rate of air
coflow was employed for the purpose of validation. These experimental
conditions are practically the same as those used by Tian et al. [21] and
Koylii et al. [9], who applied the TiRe-LII and TEMs techniques, re-
spectively, to determine the geometric mean particle diameter (d,). As
reported by Tian et al. [21], their measurements of S;;; were conducted
at 400 nm and 450 nm. The S;;; decay was recorded until 1000 ns (with
an interval of 20 ns) from the laser pulse. An equivalent laser fluence of
~0.19 J/cm? was used in the validation procedure, close to the plateau
region (~0.22 J/cm?). Fig. 2 shows the evolution of the fitted normalized
LII signals detected at both wavelengths with time. A two-term ex-
ponential fit is applied to obtain the decay [49]. Fig. 2 also displays the
inferred experimental soot effective temperature (Te) obtained in this
study (circle symbols) from the ratio of fitted S;;; at HAB of 42 mm, at
the peak soot volume fraction in the flame. The soot temperatures are
compared with the data reported by Tian et al. (diamond symbols),
presenting an overall good agreement in terms of the decay rate;
however, our soot temperatures are slightly higher. The deviations
could be attributed to the small differences in the laser fluence em-
ployed and the better accuracy by using a greater wavelength separa-
tion in the bandpass filters used [33]. The initial decay rate of the soot
effective temperature represents an important property to evaluate the
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Fig. 2. Time-resolved normalized S;; and effective temperature (T;).

Table 2

dpe and o, for different HAB in the laminar ethylene/air diffusion flame.
Work HAB dpg Og

mm nm

Koylii et al. [9] 40 25.0 -
This study 40 26.1 1.3
Tian et al. [21] 42 24.0 1.3
This study 42 25.9 1.4

soot primary particle diameter distribution, i.e., ds;, dpg and gg.

The results obtained at two different HABs, though they are not too
far apart, are reported in Table 2, showing an excellent agreement with
the TiRe-LII data obtained by Tian et al. [21] and also with the results
presented by Koylii et al. [9] from TEM image analysis. Additionally, a
sensitivity analysis of the effect of uncertainty in T on the average
particle diameter was performed at 40 mm HAB on the flame center-
line. The results indicate that a 5% change in Ty could cause 7% and 8%
change in the mean diameter value of ds, and d,,, respectively. The
deviations could be larger in regions of low soot concentrations, be-
cause of the high uncertainties in the soot temperatures, without and
with laser heating, derived from the two-color pyrometry.

3.2. Soot particle sizing by TiRe-LII

Once the TiRe-LII procedure for soot particle sizing is validated, the
temporal evolution of the LII signals at the same two wavelengths are
detected in a laminar coflow methane diffusion flame doped with va-
porized n-heptane. Fig. 3 presents the evolution of S;;; image captured
at the 450 nm band. Each distribution is the result of averaging 150
images captured by the ICCD camera gated at 20 ns with an interval of
20 ns till 1000 ns from the laser pulse. These S;; images were adjusted

A =450 nm

5
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45 45 45 45 25 45 45
E 40 40 40 40 , 40 40
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according to the spatial energy distribution obtained by fluorescence of
Rhodamine B, as proposed by Pastor et al. [38]. It is important to in-
dicate that the S;j; fields at 650 nm present a similar decay trend. The
first image in Fig. 3 shows the field taken at — 20 ns, i.e., the flame
emission background. The subsequent LII signal images need to subtract
the first background image to eliminate the background flame emission.

To demonstrate the decay of Sy, the LII images at three different
time intervals, namely 0-40 ns, 60-200 ns and 300-700 ns, are dis-
played in Fig. 3. It is clearly shown that S;j; increases during the laser
pulse and reach the peak intensity at ~20 ns, then starts to decrease
monotonically (note that different color scales are used in different time
intervals) due to cooling of soot particles. The S;; image intensities are
highest at 20 ns, with a peak region located at about HAB ~42 mm. In
fact, at this delay time relative to the laser pulse, the S;;; image intensity
should be proportional to the soot volume fraction (f,) [23]. This is
validated with the results reported by Kashif et al. [4] for the same
flame conditions, presenting excellent agreement. These image in-
tensity distributions of S;; at 450 nm and 650 nm are employed to
obtain a spatial distribution of ds, and d,, following the procedure
presented above until the convergence of g,. The first step is to define a
confidence region where both LII signal intensities captured at 20 ns of
delay are above a predefined threshold. The distributions in Fig. 4a
show the ratio of the fitted incandescence signals (Si,5,/S.i,2,) and the
fitted experimental effective temperature (7, ,,4,) obtained by two color
pyrometry from Eq. (2) at 20 ns. Fig. 4b presents the evolution of the
experimental S;j; and T, (symbols) with the fitted signals (dashed lines).
It is clear that S;j; decreases faster in the first 200 ns, by the cooling of
soot particles reducing T, by about ~500 K. Afterwards 7, decreases
slowly and monotonically. A two-term exponential fit is also im-
plemented to the experimental incandescence signals and the ratio of
the fitted signals is used to calculated the fitted effective temperature
(T; ) presenting excellent agreement with the two color experimental
temperatures. The initial temperature decay (d7./dt of Eq. (5)) is cal-
culated from the derivative of the fitted effective temperature (T; ;)
between the time of the peak effective temperature (~20 ns) and 100 ns.
This gradient allows to evaluate the d;, distribution of soot particles
shown in Fig. 4c. The obtained values of d;, between 15 and 35 nm are
somewhat expected. However, some irregular distributions appear
around HAB = 48 mm, due to very low signal-to-noise ratios of Sy,
leading to erroneous fit of the effective temperature. From this ds, field
the iterative procedure is carried out to obtain the two parameters of a
lognormal distribution, along with the experimental effective soot
temperature at a fairly long delay after the laser pulse. The iterative
process was stopped when the relative error between the predicted and
measured T, at a delay of 550 ns [27] is less than 107°. The distribution
of geometric mean diameter is presented in Fig. 4c. An average of about
dpg = 19 nm is obtained and most values are in the range of 15-35 nm.
Again, similar irregular region for ds, appear for d,, distribution for the
same reason of very low signal-to-noise ratios.
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Fig. 3. Temporal evolution of the LII signal at different intervals for 450 nm.
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Fig. 4. (a) Fields of the fitted ratio Sy;; 3 /Sii1,2, and the peak of the temperature Te,q.. (b) Time evolution of the S;;; and effective temperature (T;) for HAB = 30 mm.

(c) Distributions of the Sauter mean and geometric mean.

Fig. 5. Comparison of the primary particle diameter distributions obtained by
TEMs and TiRe-LII at HAB = 39.9 mm.

3.3. Comparisons the results of TiRe-LII and TEMs

The results of soot primary particle diameter distributions obtained
by the TEM image analysis and TiRe-LII techniques are compared in
Fig. 5. A typical TEM image of soot particles aggregates obtained by TS
at HAB =399 mm is presented in the same figure. A satisfactory
agreement is noticed between the two lognormal distributions from
TEM image analysis and the TiRe-LII method. Similar trends are also
observed at other locations along the flame centerline.

Comparison of ds, and d,,, along the flame centerline was also made
and the results are summarized in Table 3, which presents the variation
of both mean soot particle diameters at different HABs. In the SF region
comparable results and trend are obtained by both techniques, showing
that both ds; and dj, increase with HAB until HAB = 42 mm. The
agreement becomes less satisfactory above the 50 mm of height in the
SO region, though the results of di, and d,; from both methods exhibit
the same decreasing trend with increasing HAB. Specifically, TiRe-LII
provides smaller ds, in the SF zone.

As observed in the Table 3 an average discrepancy of 13% and 26%

Table 3
Comparison between TiRe-LII and TEMs for d,, and ds, at different HAB.

HAB mm 33.7 35.7 37.8 39.9 42 441 46.1 482 50.3 52.4

dz; nm TEM 17.3 184 226 20.0 244 184 176 16.1 153 159
TiRe-LII 12.9 15.7 18.6 183 221 21.5 179 158 11.3 -
dpg nm TEM 151 16.2 183 18.0 20.3 16.4 15.6 13.5 134 12.7
TiRe-LII 12.7 16.4 185 189 21.4 20.8 17.8 15.7 11.6 -
Zone SF SO

was obtained in the region of flame tip (HAB > 48 mm) for d); and d;,,
respectively. We believe that the larger discrepancies in this small part
of the flame are mainly attributed to the larger uncertainties in the
measured soot temperature, without or with laser heating, due to the
low soot volume fractions in regions close to the flame tip.

4. Conclusions

In this work, the soot primary particle diameter distribution along
the centerline of a vaporized n-heptane doped methane/air laminar
coflow diffusion flame was investigated using a planar two-color time-
resolved LII technique and by analysis of TEM images of thermo-
phoretically sampled soot particles. The TEM sampling time and grid
location were carefully verified by capturing a sequence of images be-
fore establishing the flame and during the TEM sampling with the flame
by capturing the light-of-sigh attenuation (LOSA) images to ensure the
sampling grid was placed at the desired locations. Time-resolved planar
LII images were acquired up to 1000 ns from the onset of laser pulse by
shifting the delay time of the ICCD camera at an intervals of 20 ns. The
methodology to evaluate dy, and d,, from TiRe-LII measurements is
validated by comparing with the reported data taken in a laminar co-
flow ethylene/air diffusion flame, using the same setup and data ana-
lysis approach. The results of soot primary particle diameter distribu-
tion obtained by TEM image analysis and TiRe-LII along the flame
centerline are in fairly good agreement, especially in the soot formation
zone below the location of the peak soot volume fraction at 42 mm. In
the soot formation zone below 42 mm, TiRe-LII measured smaller va-
lues of Sauter mean of primary particles than TEM image analysis.
Further work is planned to investigate the effects of fuel chemistry on
soot primary particle size distribution.
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