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An experimental investigation is presented to identify the mechanisms responsible for the enhanced sooting 
behavior of strongly flickering methane/air jet diffusion flames when compared to their steady counterparts. 
The work extends the implementation of thermophoretic sampling in flickering, co-flow, laminar, diffusion 
flames. Acoustic forcing of the fuel flow rate is used to phase lock the periodic flame flicker close to the natural 
flicker frequency (~10 Hz for a burner diameter of - 1  cm). Soot primary sizes, determined as functions of 
flame coordinates, indicate that the largest soot primary units in strongly flickering methane/air flames are 
larger by - 6 0 %  than those measured in steady flames with the same mean reactant flow rates. The primary 
particle size measurements, when combined with the soot volume fractions reported by other investigators, 
indicate that soot surface areas in the flickering flame are three to four times larger than those under steady 
conditions. These results, along with the fact that residence times in the flickering flame are twice as long as 
those in the steady flame, suggest that specific soot surface growth rates under unsteady combustion conditions 
can be similar or even lower than those in the corresponding steady flames. Finally, the number densities of soot 
primaries in flickering flames are found to be higher by 30-50% than those in steady flames, thus suggesting 
stronger and/or extended soot inception mechanisms under flickering conditions. The combination of longer 
flow residence times and greater population of incipient soot particles in flickering flames appears to be 
primarily responsible for the higher sooting propensity of methane under laminar unsteady combustion 
conditions. © 1998 by Thc Combustion Institute 

INTRODUCTION 

Most completed studies of soot formation in 
flames have concentrated primarily on steady 
laminar flow configurations that allow the suc- 
cessful implementation of experimental tech- 
niques capable of quantifying the soot field. 
However, as most practical flames are turbulent 
and thus inherently unsteady, sooting trends for 
practical combustion systems cannot be readily 
deduced using steady-flame dynamics. As a re- 
sult, recent studies [1] have begun addressing 
the sooting behavior of laminar flames, which 
are characterized by periodic unsteadiness. This 
behavior, known in laminar flames as flickering, 
results from the periodic formation of large 
scale vortical structures outside the flame sheet 
[2], which cause high rates of strain and can 
induce flame clip-off when hot gases rise buoy- 
antly within the cooler ambient. Due to their 
cyclical temporal behavior, flickering flames 
bridge the gap between laminar and turbulent 
flames and allow the investigation of a range of 
residence times, temperature histories, local 
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stoichiometries, and strain rates, which is largely 
inaccessible under steady conditions. 

Shaddix et al. [3] used acoustic forcing of 
methane fuel flow to phase lock the periodic 
flame flicker to the natural flame flicker fre- 
quency ( - 1 0  Hz for a burner of 1.1 cm diame- 
ter). They used tomographic reconstruction of 
extinction data obtained at 632.8 nm, laser- 
induced incandescence (LII) images calibrated 
against steady CH4/air extinction results, and 
vertically polarized scattering data (A = 283.5 
nm) to characterize the temporal and spatial 
development of the soot field in a moderately 
flickering flame. These measurements showed 
that the instantaneous peak soot volume frac- 
tion in forced conditions where flame tip clip- 
ping occurs is four to five times greater than that 
in the corresponding steady flame burning with 
the same mean fuel flow velocity. A Mie analysis 
of the soot volume fraction and scattering data 
in [3] suggested that enhanced sooting in flick- 
ering flames is due to larger effective mean 
diameters of the soot aggregates. The results 
reported in [3] were enhanced in a follow-up 
article by Shaddix and Smyth [4], who examined 
strongly flickering methane/air flames by using 
improved experimental techniques similar to 
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those implemented in [3]. The trends found in 
[4] for methane/air flames were very similar to 
those of [3]. As speculated in both studies [3, 4], 
the larger effective mean diameters of soot 
measured in the flickering CHa/air flames may 
be a result of either enhanced surface growth, 
more intense agglomeration, or a combination 
of both. 

A recent modeling study by Kaplan et al. [51 
of the fluid dynamical, thermal, and soot fields 
in the CH4/air flames analyzed in [3, 4] attrib- 
uted the enhanced sooting under flickering con- 
ditions to lengthening of soot growth residence 
times in time-varying flow fields when compared 
to steady conditions. According to the compu- 
tations conducted in [5], the soot enhancement 
in flickering flames was amplified with the ex- 
tent of flicker intensity. Good agreement of the 
model predictions with the experimental data 
was demonstrated in [5]. 

This paper defines the morphology of soot in 
the steady and flickering, methane/air, co-flow, 
laminar, diffusion flames examined by Smyth 
and co-workers [3, 4]. While optical techniques 
provide good estimates of effective mean sizes 
and soot volume fractions, they have been 
rather limited in their ability to resolve soot 
aggregate microstructure. More recently, opti- 
cal measurement techniques have emerged [6, 
7] with the capability of producing statistical 
information on soot aggregate microstructure. 
However, these techniques require detailed 
multi-angle scattering measurements, which 
cannot be easily implemented in time-varying 
flames. Soot morphological data in flickering 
flames, when combined with effective mean size 
and soot volume fraction data, have the poten- 
tial to identify the physical processes causing the 
higher sooting tendencies of methane/air flames 
documented under unsteady combustion condi- 
tions. The current study is the first to implement 
thermophoretic sampling in unsteady laminar 
flames, and defines the limitations of this diag- 
nostic technique with respect to its utilization in 
time-varying, particle-laden flow fields. The im- 
plications of the study extend to industrial ap- 
plications involving the combustion of methane- 
containing fuels (such as natural gas) and are 
relevant to enhancing radiation rates through 
controlled pulsation. 

EXPERIMENTAL SETUP 

The burner is a duplicate of that used by Smyth 
and co-workers [3, 4]. Laminar, methane/air non- 
premixed flames are operated at atmospheric 
pressure and are based on a co-annular burner 
consisting of two concentric tubes of 11.1 mm and 
101.6 mm i.d., respectively. A detailed description 
of the burner is given elsewhere [1]. CP grade 
(99.7%) methane fuel flows through the inner 
tube, while the ventilating dry air flow is directed 
through the annulus between the two tubes. A 
steady methane flow rate of 7.5 cm3/s along with 
an air flow rate of 635 cm3/s produce a soot-laden 
flame that displays a stable shape and a luminous 
height of 79 mm. This flame does not release any 
soot to the environment (non-smoking). The re- 
actant volume flow rates were measured using 
calibrated rotameters, and corresponded to stan- 
dard temperature and pressure conditions. 

The fuel tube at the bottom of the burner was 
connected to a cylindrical plenum equipped 
with a flexible rubber diaphragm set to vibra- 
tional motion via an attached loudspeaker [3, 4]. 
This burner/plenum design allowed flame oper- 
ation in either the steady or the flickering mode 
by activating vibrational forcing of the dia- 
phragm within the plenum. The frequency and 
the amplitude of the wave signal directed to the 
loudspeaker were controlled using a function 
generator and an amplifier. When the loud- 
speaker was driven with a sine wave at 10 Hz 
and 1.5 V peak-to-peak forcing amplitude, the 
flame was induced to flicker at the same fre- 
quency. The above fuel-forcing conditions re- 
sulted in strong flame clipping as documented in 
Fig. I (reproduced from [4]). The current study 
concentrates on these forcing conditions, which 
were termed "vigorous" in [3, 4]. The repeat- 
ability of the flickering-flame cycle was verified 
at the initial stages of this work using high-speed 
(1000 frames per second) video of flame lumi- 
nosity. Even though the flickering flame exhib- 
ited increased soot concentrations with respect 
to the steady flame [3, 4], the soot loading 
remained low enough to result in no soot re- 
lease under the flickering conditions investi- 
gated herein. The flames were unconfined but 
were operated in an enclosure that limited 
exposure to air currents, which can adversely 
affect measuremcnts in flickcring flames. 
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Fig. 1. OH laser-induccd fluorescence and soot scattering fields in the time-varying (flickering) methane/air diffnskm flame 
as produced by Shaddix and Smyth [4]. The fluorescence signal surrounds the scattering signal. Ten eqnally-spaced phase 
angles are shown for an acoustic excitation voltage of 1.5 V and a forcing frequency of l(I Hz, i.e., their "vigorously" flickering 
condition, The time interval between any m,o neighboring images is 1(I ms. 

I M P L E M E N T A T I O N  OF 
T H E R M O P H O R E T I C  SAMPLING 

Thermophore t i c  sampling, when employed in 
conjunct ion with transmission electron micros- 
copy (TEM),  preserves the morphological  state 
of  pyrogenic soot [8] and has the demonst ra ted  
potential  [9] to provide new insight to the 
morphology of  soot aggregates produced in 
time-varying laminar flames. The soot morpho-  
logical changes are particularly important  be- 
cause they define the relevant kinetic rates of  
soot growth and oxidation, which, in turn, de- 
termine the sooting character  of  a flame. 

The time-varying nature of  the flickering 
flames made the implementat ion of  thermo-  
phoretic sampling in these flames a particularly 
challenging task. An electronic delay circuit 
device was built to time the insertion of  the 
thermophore t ic  probe with the sine wave input 
to the loudspeaker  (which induces the flame 
flickering cycle with a constant  phase angle 
offset). This DC circuit allowed the activation of  
the probe motion at well-defined instants of  the 
flame flickering cycle, and offered good control  
over the duration of  the probe residence time in 
the fully extended (soot-collecting) position. 
Repeatabil i ty using this device was established 
first with very good results. Figure 2 depicts the 
oscilloscope record of  a sine wave (marked I) 
imputed to the loudspeaker - - in  this case 9 Hz, 

~0.8 V p e a k - t o - p e a k - - a n d  the signal created by 
the mot ion of  the probe (marked II). The 
relevant time periods are indicated on that 
photograph  and represent  the parameters  that 
can be readily modified to synchronize the 
motion of  the probe and the flame-flickering 
cycle. In the specific example of  Fig. 2, the 
thermophore t ic  probe motion was completed  
within 55 ms (insertion t, = 16 ms; sample 

: + U 
! 

/ 

Fig. 2. Typical oscilloscope record of a sine wave (marked I) 
imputed to the loudspeaker (9 Hz. -0.8 V peak-to-peak in 
this case) and the signal created by the motion of the 
thermophorctic sampling probe (marked Ill. The relevant 
time delay ta, probe transit period t,, and probe residence 
time t,.,,, have been marked on the photograph. These 
represent the parameters that can be readily modified to 
synchronize the motion of the probe and the flame flicker- 
ing cycle. 
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Fig. 3. Schematic depiction of the sampling procedure used 
in the study. The probe is inserted at a specific height above 
the burner and remains there until just before the base of 
the rising flame pocket reaches the probe. The soot aggre- 
gates contained in the rising flame pocket are captured over 
the length of the plate probe starting from its edge (flame 
axis) and gradually progressing rightward. 

collection l r , .  s = 23 ms, retraction t t = 16 ms). 
As seen in Fig. 2, the time delay between the 
minimum of the sinusoidal forcing wave and the 
onset of the probe motion was set to t a = 18 ms 
in this particular instance. 

Typically, the thermophoretic probe motion 
is completed in a period of 60 ms (insertion 15 
ms; sample collection 30 ms, retraction 15 ms). 
With a flame-forcing frequency of 10 Hz, the 
entire flickering cycle lasts 100 ms. Even though 
each thermophoretic sampling event extends 
over 50% of the flickering cycle, useful insight 
can be obtained by strategically locating the 
sampling probe and appropriately timing the 
insertion with respect to the flame flickering 
cycle (see Fig. 3). More specifically, a probe that 
is positioned over a rising flame pocket, just 
before its tip reaches the sampling height, would 
collect soot from different locations of the flame 
interior. To this end, the aerosol sample col- 

lected on the probe would be representative of 
all flame regimes traversing the probe. Figures 1 
and 3 show that the soot sample collected when 
a flamelet passes over a plate probe initially 
positioned above the flame tip would contain 
not only particles from the conical soot annulus 
but also from the base of the flame. In order to 
facilitate the interpretation of the soot morpho- 
logical data when using the sampling methodol- 
ogy depicted in Fig. 3, the thermophoretic 
probe was retracted just before the lower base 
of the rising flamelet reached the probe. Thus, 
the soot sample collected at each location along 
the probe was dominated by particles trans- 
ported in the soot annulus and passing over that 
location during the sampling test. Therefore,  
although soot samples collected in this manner 
give an integrated picture of both primary sizes 
and aggregate distribution at each location 
along the probe, the dominant morphology is 
the one representing the soot annulus, where 
most of the soot is contained [4]. 

A second methodology of soot sample collec- 
tion in the flickering flame was utilized in order 
to improve the position correspondence be- 
tween the soot collected on the probe and the 
flame coordinates where the sample originated 
from. A sequence of tests was conducted with 
the thermophoretic probe positioned at off-axis 
locations, thus collecting soot only near the 
probe tip as the rising flamelet "brushed" over 
the extended probe. This sampling methodology 
resulted in defining the soot morphology at the 
radially outermost locations of the flame during 
its buoyant ascent. 

The soot samples collected thermophoreti-  
cally using the methodologies discussed above 
were analyzed via transmission electron micros- 
copy. A comparison of soot primary particle 
sizes between acoustically forced and steady 
flames with the same reactant flow rates is 
presented below to provide insight on their 
substantially different sooting behavior. 

RESULTS AND DISCUSSION 

Steady Flame 

Soot aggregates transported in steady laminar 
co-annular hydrocarbon/air non-premixed flames 
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Fig. 4. Axial variation of soot size and soot volume fraction 
along the path coinciding with the soot annulus in the steady 
flame. The primary particle sizes dr, were determined by 
thermophoretic sampling and electron microscopy. The soot 
volume fractions were obtained from [4]. The error bar 
represents two standard deviations. 

consist of primary particles of approximately 
spherical shape and which, for a specific loca- 
tion within the flame, are of nearly uniform 
diameter d n [9]. However, the size of the pri- 
mary particles and the degree of agglomeration 
(number of primary particles per aggregate) are 
strongly influenced by the position within the 
flame. Electron micrographs of the soot col- 
lected thermophoretically from various flame 
locations can provide (through image analysis) 
quantitative data on primary particle sizes. 

The soot annulus at each height is defined by 
the radial location of maximum soot volume 
fraction [3, 10]. At low and intermediate heights 
of the steady flame, this annulus also coincides 
with the radial location of peak soot primary 
particle size, as established by the ethylene/air 
flame results reported in [8, 9]. A survey of dp 
vs. Z along the path defining the soot annulus 
was performed in the steady methane/air flame 
by measuring a population of 120-150 primary 
particles at each location using a Micro-Comp 
high-resolution interactive morphometry sta- 
tion. The dp vs. Z data along this path are 
presented in Fig. 4. This figure also shows the 
variation of soot volume fraction f,, along the 
same path; the values off,. were obtained from 
[4]. The maximum value of dp in Fig. 4 is about 
20 nm and occurs at a height Z = 50 mm above 
the burner mouth. This axial location coincides 
with the height where the maximum soot vol- 
ume fraction was measured along this path [4]. 

It is noticed in Fig. 4 that the values off,, above 
Z = 50 mm diminish at a much faster pace than 
that allowed by the corresponding values of dn. 
At Z > 50 mm, the maximum soot concentra- 
tions move near the flame axis [5] and the 
spatial resolution of thermophoretic sampling is 
compromised. To this end, the dp vs Z variation 
above 50 mm should only be viewed as indica- 
tive of the overall diminishing trend of soot 
particle sizes at the upper portion of the flame. 

Let Np be the total number of primary parti- 
cles per unit volume of the soot aerosol at a 
specific location Z along the path exhibiting the 
maximum soot volume fraction. Each location 
along this path is characterized by a specific 
primary size dp and volume fraction f, ,  both 
given in Fig. 4. Thus 

6¢], 
N p -  wd~] (1) 

It is noted that the corresponding number den- 
sity of soot aggregates at each location is con- 
siderably lower than Np. Furthermore,  assum- 
ing point contact among the primaries making 
up each aggregate, the following expression is 
valid for the total surface area of particulate 
phase per unit volume of the soot aerosol at a 
specific location Z: 

6L 
S r -  dp (2) 

Note that the above equation for S r provides an 
upper bound of the actual soot surface area, 
because the soot aggregates consist of primary 
particles bridged together as a result of surface 
deposition [9]. The values of d n, as determined 
by thermophoretic sampling {data in Fig. 4), 
along with the values of f,., as determine opti- 
cally by Shaddix and Smyth [4], were combined 
to calculate Np and S r from Eqs. (1) and (2). 
Table 1 shows some selected data for the growth 
stage of aggregates transported along the annu- 
lar region of the steady methane/air flame. As 
seen from the listed values of Np, this quantity 
remains practically unchanged throughout the 
growth region of the flame along the path line 
examined. The values of N n are lower by a 
factor of 4 compared to those determined sim- 
ilarly in ethylene/air flames based on the same 
burner [11]. This indicates that the soot incep- 
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T A B L E  1 

Se lec ted  D a t a  for  the Pa th  Line  Exh ib i t ing  the  M a × i m u m  Soo t  V{~lurne F r a c t i o n  in the  

S t c a d y  M c t h a n c / A i r  F l a m c  

z t 4, .£ v7 N,, S~ f f .  
( m m )  (ms) (nm)  (cm~/cm 3) (cm/s)  (cm 3) (cm_~/cm ~) (g/cmes) (molec /cm~s)  

30 43.0 - -  9.5 × 10 s 97.5 - -  - -  - -  
35 47.5 15.7 1.6 × 10 7 101.3 7.7 x 111 m 0.60 6.9 x 10 5 9.5 :x: l(I ~7 

411 51.4 16.5 2.3 x l{1 7 103.5 9.6 × 10 m 0.82 3.8 X 10 s 7.2 X 1017 

45 54.1 19.1 2.9 × 10 7 105.4 8.0 × 10 m 0.92 0.7 × 10 s 1.5 X 111 ~v 

50 57.0 19.8 3.0 × 10 7 106.0 7.3 x 1() m 11.90 - -  - -  

tion rates in methane/air flames are smaller 
than those in their ethylene/air counterparts. 
The constant value of the primary particle num- 
ber density in the soot growth region of the 
steady flame (see Table 1) also implies that 
primary particle coalescence (collisional growth 
resulting in the formation of spherical clusters) 
does not occur. Obviously, agglomeration and 
surface growth would not alter Nt,. The con- 
stancy of N~, in methane/air flames agrees with 
previous observations on ethylene/air flames 
[11]. This seemingly unified trend for hydrocar- 
bon/air co-annular flames supports the view that 
along the path coinciding with the soot annulus, 
soot inception is completed first before soot 
grows subsequently via surface growth. The soot 
formation process eventually ceases when oxi- 
dation takes over near the tip of the flame. It is 
noted that the values offv,  as required for the 
calculation of N/, and S r, have been obtained 
for the steady methane and ethylene flames (in 
[4] and [10], respectively) using a soot refractive 
index of 1.57-0.56 i. 

The values of soot surface area listed in Table 
1 (aggregates transported along the annular 
region) show a 50% increase from low to inter- 
mediate heights. These values of S. r are lower 
by one order of magnitude than those measured 
in similar ethylene/air flames [11]. This trend is 
consistent with the lower sooting tendency of 
methane compared to ethylene, as quantified by 
Shaddix and Smyth [4]. These investigators re- 
ported that the peak soot volume fraction for 
ethylene was 39 times larger than that for 
methane under steady-flame conditions. 

The variation of dr, vs. Z on the soot annulus, 
when combined with particle velocity data, per- 
mits the calculation of the specific soot surface 

growth rate f ,  which is defined as the mass 
deposition rate per unit of particulate surface 
area. Santoro et al. [12] demonstrated in their 
similar ethylene/air co-annular diffusion flames 
that the locus of the maximum soot volume 
fraction coincides with a particle path at inter- 
mediate and higher portions of the flame, thus 
providing a viable soot growth trajectory for the 
performance of such measurements. Since ex- 
perimental measurements of particle velocities 
in the steady methane/air flame examined in 
this work are not available, we will assume that 
the coincidence of the soot annulus and a 
particle path line remains valid. To this end, the 
numerically calculated values along the particle 
path coinciding with the soot annulus--as pro- 
vided by Kaplan et al. [5] and Kaplan [13J-- 
were utilized in the evaluation of f along this 
path line. The wdues of the axial component of 
the velocity v z are listed in Table 1 as a function 
of the axial location Z. It is worth noting that 
the axial velocities obtained from the simula- 
tions [5, 13] are close to the values determined 
experimentally by Richardson and Santoro [14] 
for a similar methane/air flame with a slightly 
higher fuel flow rate of 9.8 cm3/s. The depen- 
dence of any parameter on Z translates into a 
dependence on the residence time t of the 
particles (see Table 1). The Z - t  correspondence 
of Table 1 was based on the convention that t = 
0 at Z = 0 [13]. The specific surface growth rate 
of the primary particles is related to the soot 
mass density &,, the axial velocity component 
Vz,  and the Z-gradient of the primary particle 
diameter through 

f _ ppv z d d p  (3) 
2 d Z  
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The above expression for f is derived from a 
mass balance formulation on the surface of a 
primary particle under the assumption that the 
soot mass density remains invariant. The soot 
density was taken as &, = 1.86 g/cm 3. This 
value is nearly identical to 1.84 g/cm 3, which was 
measured by Rossman and Smith [15] for acet- 
ylene black, and slightly larger than the value of 
1.74 g/cm 3 reported by Choi et al. [16] for soot 
collected in the post-flame region of an acety- 
lene/air premixed flame. The values of ddp/dZ 
needed in Eq. (3) were obtained by differenti- 
ating a second order polynomial fit of the dp-Z 
c u r v e .  

The values of f obtained using Eq. (3) de- 
scribe the growth of the primary particles as a 
result of the gas-phase surface reactions. Under 
the assumption that the growth of each primary 
particle is not influenced by the presence of 
other primary particles in the same aggregate, 
the calculated value of f describes the surface 
growth rate of the soot aggregate as well. The 
values of f for the path line exhibiting the 
maximum soot volume fraction in the methane/ 
air flame, as listed in Table 1, are consistently 
lower than those reported in [11] for similar 
ethylene/air flames based on the same burner. It 
is also seen t h a t f  decreases sharply with height, 
thus showing a considerable slowdown in the 
surface growth reaction mechanisms. 

The values o f f  and S r can be combined to 
calculate an estimate of the molecular fluxfc; of 
the growth species causing the growth by sur- 
face deposition. If M denotes the molecular 
mass of the growth species and N A is Avo- 
gadro's number, then 

,fc; = fSMN d (4) 

The values of f(~ listed in Table 1 were deter- 
mined using Eq. (4) when acetylene was as- 
sumed to be the growth species (M = 26 
gr/g-mole). Since the values of S r used in this 
calculation form an upper bound of the soot 
surface area, the values off(; given by Eq. (4) 
overestimate the flux of the growth species. 
Miller et al. [17] determined net chemical pro- 
duction rates for acetylene in a methane/air 
laminar diffusion flame based on a slot burner. 
Typical values of the acetylene production rate 

were around 10 -5 mol/cm3/s, while maximum 
values were roughly three times higher. The 
above acetylene production rates translate into 
net molecular production rates of 6 × 10 j8 
molec/cm3s (typical) and 18 x 1018 molec/cm3s 
(peak), which are higher by 20-40  times than 
the rates required for the observed soot growth 
(Table 1). These calculations are consistent with 
the hypothesis that acetylene is the major 
growth species, but provide no direct evidence 
to this effect. Finally, the values of the molecu- 
lar flux of the growth species in the methane/air 
flame (f~; in Table 1) are lower by more than 
one order of magnitude compared to those 
estimated for similar ethylene/air flames [18]. 

Shaddix and Smyth [4] conducted Mie calcu- 
lations to produce data on particle number 
densities, which showed a rapid increase with 
height near the flame centerline and towards 
the top of the flame (above 50 mm). This was 
interpreted in [4] as a sign of significant and 
sustained particle inception occurring at the 
upper half and near the axis of the steady 
methane/air flame. This hypothesis was exam- 
ined in the current study using thermophoretic 
sampling which has been shown [19] to provide 
insight on soot precursor microparticles. Sam- 
pling tests along the flame axis showed apparent 
signs of soot inception at the axial height of 50 
mm. On the other hand, the soot sampled at or 
above 60 mm showed a microstructure typical of 
mature soot with no incipient particles present. 
Figure 5 displays the transition of soot morphol- 
ogy from diffuse precursor particles (bottom 
micrograph; Z = 50 mm) to well-defined soot 
aggregates (top micrograph; Z = 60 mm). 
These observations do not verify the sustained 
particle inception at heights above 60 mm, as 
suggested in [4]. Further examination of the 
soot volume fraction radial profiles published in 
[4] reveals that the soot field in this flame 
maintains its annular structure up to Z = 55 
mm, but takes a near-parabolic shape from 60 
mm and above, i.e., the maximum off, ,  moves 
near the flame axis. This dramatic shift in the 
character of the soot radial distribution from 55 
mm to 60 mm appears to be due to an intense 
nucleation burst occurring on the flame axis 
between these heights. This hypothesis is con- 
sistent with the soot morphologies depicted in 
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Fig. 5. Electron photomicrographs of soot collected ther- 
mophoretically from the axis of the steady methane/air 
[lame at two heights: (a) Z (~l) ram, (b) Z = 50 mm. 

Fig. 5 assuming that soot nucleation has ceased 
below the height of 60 mm. 

Flickering Flame 

An evaluation of thc soot primary particle sizes 
within the flickering flame was conducted next. 
Each sampling test was monitored by high- 
speed video in order to establish position cor- 
respondence between probe and flame coordi- 
nates. In a typical sampling test, the probe was 
inserled at a fixed height in the clipped-off 
portion of the flickering flame, i.e., in the gap 
between two rising flamelets (Fig. 1 ). The sam- 
piing probe remained at the fully extended 
(soot-collecting) position until the bottom of 
the lower flamelet approached the probe (see 
Fig. 3). At that instant, the probe was retracted 
to avoid collection of soot from the lowest 
section of the luminous flame. Using this meth- 
odology, the particle morphology at every loca- 

tion along the probe was dominated by the soot 
collected from the high-density soot annulus. 
However, some precursor particles were also 
present at most probe locations as they were 
collected from inner-flame regions that 
"brushed" over the probe after the soot annulus 
had already passed. The diffuse appearance of 
the precursor particles (which contrasted with 
the sharply-defined texture of mature soot) al- 
lowed a selective rejection of these particles 
when measuring the primary sizes correspond- 
ing to the soot annulus. This procedure was 
verified at the outer portions of rising flamelets 
by cross-comparing soot morphologies obtained 
when using the two different sampling method- 
ologies described earlier. 

Using the above sampling procedure, and as 
seen in Fig. 3, thc soot aggregates contained in 
the rising conical flamelet are mapped over the 
length of the plate probe starting from its edge 
(flame axis) and gradually progressing right- 
ward. Figure 6 shows a series of electron pho- 
tomicrographs demonstrating soot morphology 
as mapped along a thermophoretic probe in- 
serted at a height Z = 95 mm. Micrograph 6a 
corrcsponds to a radial location close to the 
flamc axis, therefore it depicts soot particles 
collected primarily from the tip of the rising 
flame pocket. Some of the soot in this micro- 
graph was collected from the inner regions of 
the flame when traversing over the extended 
probe. The diffuse precursor particles appear- 
ing in Fig. 6a were collected from the core of the 
rising flamelet and indicate sustained soot in- 
ception near the axis at this height. Micrographs 
6b-6d correspond to increasing radial locations 
on the probe, and show two types of soot 
present: well-formed aggregates, apparently col- 
lected from the soot annulus, and precursor 
particles, collected from the inner fuel-rich re- 
gions of the flame. Detailed examination of a 
series of micrographs similar to those of Fig. 6 
provided quantitative data on soot primary sizes 
corresponding to the soot annulus and qualita- 
tive information of the extent of soot inception 
as a function of flame coordinates and flickering 
cycle. At this stage, a simple observation of the 
soot aggregates seen in Fig. 6 reveals an appar- 
ent increase of primary sizes from 6a to 6d. 
Figure 7 depicts the primary particle sizes cor- 
responding to the soot annulus as measured on 
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Fig. 6. E lec t ron  pho tomic rog raphs  d e m o n s t r a t i n g  soot  morpho logy  as m a p p e d  a long  a t h e r m o p h o r e t i c  p robe  inse r ted  at  a 
height  Z = 95 m m  of the f l ickering flame. (a) r = 2.6 ram, (b) r = 12.7 mm,  (c) r - 14.4 mm,  (d) r - 15.7 mm. The  dark  
co rne r  in each of the mic rographs  cor responds  to a sect ion of the copper  grid bar  suppor t ing  the carbon film on the 

t h e r m o p h o r e t i c  probe.  

probes positioned at two different heights (Z = 
65 and 70 ram). Values of dp at six radial 
locations (labeled 1-6) are represented in each 
curve shown in Fig. 7. Location 1 corresponds to 
the flame tip, while location 6 corresponds to 
the base of the flame far from the symmetry axis 
(see markings along outline of flame image in 
Fig. 7). The primary particle sizes near the 
flame tip are smaller, probably due to ongoing 
oxidation. The primary sizes seen in Fig. 7 are 
consistently larger than those measured in the 
steady flame (Fig. 4), with the larger values 
corresponding to the radially outermost loca- 
tions near the base of the flamelet. 

Figure 8 presents the axial variation of soot 
primary sizes in the vicinity of the outer edge of 
the clipped-off conical flamelet as it rises buoy- 
antly. The values of dp seen in Fig. 8 correspond 
to locations 5 and 6 of Fig. 7 and reflect 
different phase angles of the flickering cycle. It 
is emphasized that the dp vs. Z progression seen 

in Fig. 8 does not reflect the same particles. The 
soot sizes increase up to a height o f Z  ~ 80 mm, 
and decrease thereafter due to oxidation. The 
maximum value of dr, is about 31 nm, which is 
larger by 57% than the maximum primary size 
measured in the steady flame (19.8 nm; Fig. 4). 

Discussion 

A comparison of the soot primary sizes mea- 
sured in the time-varying methane/air diffusion 
flame (Figs. 7 and 8) with those in the steady 
flame (Fig. 4) provides insight on the origin of 
the higher sooting tendency of methane under 
flickering flame conditions. Considering that the 
maximum value of dp in the flickering flame is 
larger by 57% than that in the steady flame, a 
volume ratio of about 4 is inferred for the soot 
primary unit. The difference i n  dplma x between 
steady and flickering flame conditions is appar- 
ent in Fig. 9, which shows soot aggregates with 
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Fig. 8. Axial variation of primary, particle sizes measured at 
locations near the base of the clipped-off flamelets and far 
from the centerline of the flickering flame. The error bar 
represents two standard deviations. 

Fig. 7. Soot primary particle sizes measured at two different 
heights (Z = 65 and 70 mm) in the flickering flame using 
the procedure shown in Fig. 3. Values of d/, at six radial 
locations (labeled 1-6 in the flame image) are represented 
in each curve. Location 1 corresponds to the flame tip, while 
location 6 corresponds to the base of the flame far from the 
axis. The error bar represents two standard deviations. 

the maximum primary size in each of the two 
flames. Figure 9a corresponds to the soot annu- 
lus at a height Z = 50 mm in the steady flame, 
while Fig. 9b corresponds to maximum soot 
sizes as obtained when a probe was positioned 
at a height Z = 85 mm in the flickering flame. 
It is worth noting that even though the primary 
sizes in 9a and 9b are distinct, no substantial 
differences are seen in the degree of agglomer- 
ation of the aggregates shown in these photo- 

graphs. The above observations, in conjunction 
with the fact that peak instantaneous values of 
soot volume fraction are larger in the flickering 
flame by a factor of 5 -6  [4], lead one to infer 
that soot surfacc growth mechanisms may be 
responsible for the higher sooting propensity of 
methane caused by flickering. However, be- 
cause the larger soot primary sizes in the flick- 
ering flame also occur in tandem with length- 
ened particle growth residence times [5], 
additional considerations should be taken into 
account before definite conclusions are drawn 
regarding specific surface growth rates (g/cm2/s) 
and how they compare under steady or flicker- 
ing conditions. 

In order to produce a comparison of specific 
soot surface growth rates under steady and 
unsteady conditions, estimates of the soot sur- 
face area are needed for the flickering flame; 
recall that specific surface growth rate repre- 
sents the solid mass deposition rate per unit 
surface area of particulate phase. Our measure- 
ments provided evidence that the largest soot 
primary units under flickering conditions are 
greater by a factor of 4 (in volume) than their 
counterparts in the steady flame. Furthermore, 
according to the modeling data of Kaplan et al. 
[5], residence times for the soot passing through 
the maximum sooting region are about twice as 
long in the flickering flame as those predicted in 
the steady flame. Equation (2), along with the 
fact that peak soot volume fractions (and soot 
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Fig. 9. Electron photomicrographs comparing soot mor- 
phology in the steady and the flickering methane/air flames. 
Micrograph (a) corresponds to the soot annulus (r - 3.5 
ram) at a height Z 50 mm in the steady flame, while 
micrograph (b) represents the maximum primary sizes col- 
lected on a probe positioned at Z - 85 mm in the flickering 
flame. 

primary sizes) in the flickering flame are five to 
six (and 1.57) times larger than those in the 
steady flame, imply that soot surface areas in 
the flickering flame are three to four times 
larger than those under steady conditions. The 
simultaneous consideration of the soot mass, 
surface area, and residence time ratios leads to 
the conclusion that specific surface growth rates 
under unsteady combustion conditions can be 
similar to or even lower than those in steady 
flames. In addition, inspection of Eq. (1) with 
simultaneous consideration of the .f,, and d/, 
ratios under flickering and steady-flame condi- 
tions implies that the number  densities of the 
soot primaries in the flickering flame are higher 
by 30-50% than those in the steady flame. This 

suggests stronger and/or extended soot incep- 
tion mechanisms in the flickering flame. The 
larger population of incipient particles in the 
flickering flame offers additional sites for sub- 
sequent soot surface growth thus promoting 
higher peak values of soot volume fraction in 
this flame compared to its steady counterpart.  

In summary, while the complex flow field in 
the flickering flame does not allow direct corre- 
lation of the soot morphological measurements,  
simple estimates based on the optical data of 
Shaddix and Smyth and the limited morpholog- 
ical data reported herein suggest that soot in- 
ception mechanisms produce a larger popula- 
tion of primary units under flickering 
conditions. Also, specific soot surface growth 
rates in the methane/air  flickering flame are 
shown to be similar or even lower than those 
measured in the corresponding steady flame. 
Under  enhanced soot inception and similar or 
weaker surface growth processes, the prolonged 
residence times available in the flickering flame 
cause the increased peak soot volume fractions 
and primary sizes in this flame when compared 
to its steady counterpart.  

CONCLUSIONS 

An experimental investigation has been pre- 
sented to identify the mechanisms responsible 
for the significantly increased sooting behavior 
of strongly flickering methane/air  flames when 
compared to their steady counterparts. The 
work extended the implementation of thermo- 
phoretic sampl ing--a  particle sampling tech- 
nique known to preserve the morphological 
state of pyrogenic soot - - in  flickering, methane/  
air, co-flow, laminar, diffusion flames. Acoustic 
forcing of the fuel flow rate was used to phase 
lock the periodic flame flicker close to the 
natural flicker frequency ( - 1 0  Hz). A steady 
methane/air  flame was investigated first to es- 
tablish the baseline for comparisons. Soot pri- 
mary particle sizes determined in the steady 
flame were combined with soot volume fraction 
measurements  and velocity data reported by 
other investigators to provide specific soot sur- 
face growth rates as well as soot surface areas 
and primary particle number densities along the 
path line that exhibits the maximum soot vol- 
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ume fraction. All of the above quantities were 
found to be lower than those measured previ- 
ously in similar ethylene/air flames. 

The reported morphological measurements 
indicate that the maximum soot primary particle 
sizes in the strongly flickering methane/air flame 
are larger (by ~60%)  than those measured in 
the steady flame corresponding to the same 
mean reactant flow rates. The primary particle 
size measurements when combined with the 
soot volume fractions reported by other inves- 
tigators (peak soot volume fractions in the 
flickering flame are five to six times larger than 
those in the steady flame) indicate that soot 
surface areas in the flickering flame are three to 
four times larger than those under steady con- 
ditions. These results, along with the fact that 
flow residence times in the flickering flame are 
twice as long as those in the steady flame, 
suggest that specific soot surface growth rates 
under unsteady combustion conditions can be 
similar or even lower than those in steady 
flames. In addition, the number densities of the 
soot primaries in the flickering flame were 
found to be higher by 30-50% than those in the 
steady flame, thus suggesting stronger and/or 
extended soot inception mechanisms in the 
flickering flame. The prolonged soot nucleation 
in the flickering flame was corroborated by 
experimental observations of the particle mor- 
phology. It is believed that the combination of 
longer flow residence times and greater popu- 
lation of incipient soot particles are primarily 
responsible for the higher sooting propensity of 
methane under laminar unsteady combustion 
conditions. 
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