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The structure and soot properties of weakly buoyant, acetylene-fueled, laminar jet diffusion flames were 
studied experimentally for combustion in air at pressures of 0.125-0.250 atm. Properties along the axis, where 
soot processes are similar to behavior within nonbuoyant diffusion flames, were emphasized. The following 
measurements were made: soot volume fractions using laser extinction, temperatures using both 
thermocouples and multiline emission, soot structure using thermophoretic sampling and analysis by 
transmission electron microscopy, concentrations of major gas species using sampling and analysis by gas 
chromatography, and velocities using laser velocimetry. As distance increased along the axis of the present 
acetylene-fueled flames, significant soot formation began when temperatures exceeded roughly 1250 K, and 
ended when fuel-equivalence ratios decreased to roughly 1.7, where the concentration of acetylene became 
small. This behavior allowed observations of soot growth and nucleation for acetylene concentrations of 
6 X 10-~-1  x kg-mol/m3 and temperatures of 1000-2100 K. Over this range of conditions, soot 
growth rates were comparable to past observations of new soot in premixed flames, and after correction for 
effects of soot oxidation yielded essentially first-order growth with respect to acetylene concentrations with a 
negligible activation energy, and an acetylene/soot collision efficiency of 0.53%. Present measurements of 
soot nucleation rates also suggested first-order behavior with respect to acetylene concentrations but with an 
activation energy of 32 kcal/gmol and with rates that were significantly lower than earlier estimates in the 
literature. Nevertheless, uncertainties about effects of soot oxidation and age on soot growth, and about 
effects of surface area estimates and translucent objects on soot nucleation, must be resolved in order to 
adequately define soot formation processes in diffusion flames. 

NOMENCLATURE u streamwise velocity 

molar concentration of acetylene 
burner exit diameter 
mean primary soot particle diameter 
mixture fraction 
soot volume fraction 
burner exit Froude number, ~ : / ( ~ d )  
acceleration of gravity ' 

soot growth rate constant 
soot nucleation rate constant 
reaction order 
number of primary particles per unit 
volume 
mean number of primary particles per 
aggregate 
pressure 
burner exit Reynolds number, u,d/ v, 
soot surface area per unit volume 
time 
temperature 
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vg 
soot growth velocity 

ws soot growth rate 

"'n soot nucleation rate 

Xi mole fraction of species i 
z streamwise distance 

Greek Symbols 

v kinematic viscosity 
P gas density 
PS soot density 

Subscripts 

o burner exit condition 

INTRODUCTION 

Soot processes within nonpremixed 
hydrocarbon-fueled flames are important be- 
cause they affect the durability and perfor- 
mance of propulsion systems, the hazards of 
unwanted fires, the pollutant and particulate 
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emissions from combustion processes, and the 
potential for developing capabilities for com- 
putational combustion. Motivated by these ob- 
servations, the present investigation involved 
an experimental study of the structure and 
soot properties of round laminar jet diffusion 
flames, seeking an improved understanding of 
soot formation (growth and nucleation) within 
diffusion flames. Present work emphasized 
weakly buoyant diffusion flame behavior that is 
typical of many practical applications [I]. 

Past studies of soot processes in flames have 
been reviewed by Haynes and Wagner [2] and 
Glassman [3]. A popular configuration for ex- 
perimental studies of soot processes in diffu- 
sion flames has been the buoyant laminar jet 
diffusion flame that typically is used for mea- 
surements of laminar smoke point properties 
[3]. Representative recent studies of these 
flames include the work of Kent and Wagner 
and coworkers [4-101, and Dobbins and San- 
toro and coworkers [ll-171, among others 
[18-231. It is well known, however, that buoy- 
ancy affects soot processes within laminar jet 
diffusion flames because soot particles are too 
large to diffuse so that they convect at flow 
velocities aside from small effects of ther- 
mophoresis. This behavior causes soot particles 
to mainly nucleate near the flame sheet and 
initially move toward fuel-rich conditions within 
buoyant laminar diffusion flames, while they 
mainly nucleate near the cool core of the flame 
and move directly toward fuel-lean conditions 
within nonbuoyant laminar diffusion flames 
[I-31. As a result, the soot nucleation and 
growth processes of buoyant and nonbuoyant 
laminar jet diffusion flames are quite different, 
providing incentive for studying soot processes 
for nonbuoyant flame conditions of significant 
practical interest. Additionally, a limitation of 
past studies of soot processes in diffusion 
flames [2-221 is that both soot properties and 
the local reactive environment were not suffi- 
ciently defined for detailed consideration of 
soot formation processes. 

In contrast to studies of soot processes within 
laminar diffusion flames, significant progress 
concerning soot formation has been made from 
studies of fuel-rich premixed laminar flames. 
Representative investigations along these lines 

include Bockhorn et al. [23, 241, Harris and 
Weiner [25-271, and Ramer et al. [28]. The 
findings of these studies indicated that soot 
mainly is produced by particle growth rather 
than nucleation, that the reaction between 
acetylene and soot particles mainly is responsi- 
ble for soot growth, and that the rate of soot 
growth decreases with increasing residence 
time (age) [23-291. Nevertheless, the relevance 
of these results for premixed flames to soot 
processes within diffusion flames has not been 
established. 

In view of this status, the present investiga- 
tion had two main objectives, as follows: (1) to 
complete measurements of both soot and flame 
properties within weakly buoyant, acetylene/ 
air, laminar jet diffusion flames, and (2) to 
exploit these results to gain a better under- 
standing of processes of soot growth and nu- 
cleation within laminar diffusion flames. 

EXPERIMENTAL METHODS 

Apparatus 

Present measurements involved weakly buoy- 
ant, acetylene/air, laminar jet diffusion flames 
at low pressures, exploiting the fact that the 
effective buoyant acceleration scales as p2g 
for laminar jet diffusion flames [30]; therefore, 
present tests involved pressures on the order 
of 0.1 atm to yield effective gravitational levels 
on the order of 0.01 g. 

The test arrangement consisted of a round 
fuel jet injecting vertically upward, surrounded 
by a slow concentric flow of air. The flames 
burned along the axis of a vertical, windowed, 
cylindrical chamber having a diameter and 
length of 300 mm. The top and bottom of the 
chamber consisted of porous metal plates that 
separated the flame chamber from plenum 
chambers for air inflow and exhaust outflow 
and provided a uniform distribution of air flow 
over the flame chamber cross section. The fuel 
and air flows were measured with rotameters, 
calibrated in turn by wet-test meters, while the 
exhaust flow was removed using a vacuum 
pump. The flames were ignited by a hot-wire 
coil that could be retracted from the burner 
exit once ignition was complete. The entire test 
chamber could be traversed in the vertical and 
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horizontal directions in order to accommodate 
rigidly mounted optical instruments. 

Instrumentation 

Soot volume fractions were measured by de- 
convoluting laser extinction measurements for 
chord-like paths through the flames, similar to 
Refs. 11, 31, and 32. The data were reduced 
assuming that soot optical properties satisfy 
the small-particle (Rayleigh) scattering limit, 
which was justified because scattering was 
small. Refractive indices were taken from 
Dalzell and Sarofim [33], similar to past work 
[31, 321. Experimental uncertainties of these 
measurements (95% confidence) are estimated 
to be less than 10% for f, > 0.1 ppm. 

In regions where soot was absent, gas tem- 
peratures were measured with bare wire 
Pt/Pt-10% Rh thermocouples having 270 pm 
diameter junctions. These measurements were 
corrected for radiation errors based on emis- 
sivities from Bradley and Entwhistle [34]. Ex- 
perimental uncertainties of these measure- 
ments (95% confidence) were less than 50 K. 
Temperatures within soot-containing regions 
were found using multiline emission measure- 
ments similar to Refs. 35-37. This involved 
deconvoluting spectral radiation intensities for 
chord-like paths through the flames and find- 
ing temperatures from measurements at three 
line pairs: 600/750,700/830, and 600/830 nm. 
Temperature differences between the average 
and any of the line pairs were less than 30 K 
while experimental uncertainties (95% confi- 
dence) of these measurements are estimated to 
be less than 50 K. 

Soot structure was measured using ther- 
mophoretic sampling and analysis by transmis- 
sion electron microscopy (TEM), similar to 
Refs. 14, 15, and 32. Effects of soot aggregate 
size cause a negligible sampling bias for N for 
present test conditions [32, 381. Primary parti- 
cle diameters also were very nearly monodis- 
perse, with a standard deviation less than 10%. 
Experimental uncertainties (95% confidence) 
of these properties were dominated by finite 
sampling limitations, and were as follows: mean 
primary particle diameter, d, < 10% and mean 
number of primary particles per aggregate, N 
< 20%. The number of primary soot particles 

per unit volume, n,, was computed from the 
other measurements, as follows: 

The resulting experimental uncertainties (95% 
confidence) for n, are less than 32% for f, > 
0.1 ppm. 

Gas compositions were measured by sam- 
pling and analysis using gas chromatography, 
similar to Ref. 31. A stainless-steel radiatively 
cooled sampling probe was used, having a port 
diameter of 2.1 mm. Acetylene was the only 
hydrocarbon present in significant quantities in 
the test flames; therefore, major gas species 
considered during gas analysis were as follows: 
N,, O,, C,H,, CO,, CO, H,O, and Hz. Ex- 
perimental uncertainties of these measure- 
ments generally were less than 15% for mole 
fractions greater than 0.5%, dominated by un- 
certainties in measuring chromatogram areas. 

In order to find soot processes as a function 
of time, streamwise velocities were measured 
based on laser velocimetry (LV), using alu- 
minum oxide seeding particles, similar to Ref. 
31. Experimental uncertainties (95% confi- 
dence) of the velocity measurements were less 
than 5%, dominated by calibration uncertain- 
ties. 

Test Conditions 

The four test flames are summarized in Table 
1. The burner flows involved C,H,/N, mix- 
tures with combustion in coflowing air at 
0.125-0.250 atm. Visible flame lengths were 50 
mm (z/d = 15.2), while the position of the 
flame tips (where the stoichiometric flame 
sheet reaches the axis) were in the range z/d 
= 9.5-15.2. Characteristic residence times for 
convection from the burner exit to the flame 
tip were 16.9-22.6 ms. Reynolds and Froude 
numbers were 80-149 and 27-256, respec- 
tively. Radiative heat loss fractions were 
29%-34%. 

Contamination of acetylene with acetone can 
be a problem for studies of acetylene reaction 
phenomena [39-411. Present tests generally in- 
volved acetone mole fractions less than 2%. 
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TABLE 1 

Summary of the Test Flamesa 

Test Flame 1 2 3 4 

Pressure (atm) 
Burner flow (% C,H, by vol.) 
C,H, flow rate (cm3/s) 
N, flow rate (cm3/s) 
Air flow rate (cmvs)  
Burner exit velocity (mm/s)' 
Air coflow velocity (mm/s)' 
Stoich. flame length ( z / d )  
Char. res. time (ms) 
~e (-1' 
~ d - ) '  
Rad. heat loss (% LHV) 

" Laminar round jet diffusion flames with 3.3 mm inside diameter burner, a visible flame length of roughly z/d = 15.2, 
and C,H,/N, mixtures flowing from the burner in an air coflow. Purified grade acetylene (99.6% purity), prepurified 
grade nitrogen (99.98%) purity. 

Nominal average value based on an injection temperature of 298 + 2 K. 

Thus, the effect of acetone contamination at The degree of aggregation, quantified as N, 
this level was evaluated using the purifying increases with increasing residence time. 
train of Hamins et al. [39] to reduce the ace- An interesting feature of the results illus- 
tone concentration to 0.1%, finding negligible trated in Figs. 1 and 2 is that d, is larger near 
differences from the soot and flame properties the start (Fig. 1) than near the end (Fig. 2) of 
measured at the higher acetone concentra- soot formation for the present soot path along 
tions. the flame axis. This highlights an early obser- 

vation of Tesner [42,43] that the surface growth 

RESULTS AND DISCUSSION 

Flame Structure 

All the results considered in the following are 
for conditions along the axis of the flames, 
where mixture fractions decrease monotoni- 
cally along a soot path similar to behavior in 
nonbuoyant diffusion flames. The general 
properties of the test flames will be illustrated 
using measurements for Flame 1, which in- 
volved pure acetylene at the burner exit with 
combustion in air at a pressure of 0.250 atm. 
TEM photographs of soot near the start and 
near the end of soot formation within Flame 1 
are illustrated in Figs. 1 and 2. The present 
soot is seen to be typical of past observations 
of soot in flame environments [14, 15, 321. 
Thus, at a particular location in the flame, the 
soot consists of roughly spherical primary soot 
particles having nearly constant diameters, col- 
lected into aggregates having widely varying 
numbers of primary particles per aggregate. 

of soot persists to temperatures much lower 
than those required for significant soot particle 
nucleation (inception). This behavior causes 
rapid growth of the limited number of soot 
particles present near the start of the soot 
formation region, producing large primary par- 
ticles, as observed in Fig. 1. Subsequently, ac- 
celerating nucleation rates create additional 
primary soot particles whose shorter growth 
period causes the average value of d, to be- 
come smaller, as seen by comparing Figs. 1 and 
2, even though overall soot concentration lev- 
els are increasing. 

Another interesting feature of the TEM 
photographs is the presence of single (unag- 
gregated) particles that are more translucent in 
appearance on the TEM photographs than the 
primary soot particles contained in the conven- 
tional soot aggregates. These more translucent 
objects were most evident near the start of 
soot formation (see Fig. 1) and essentially dis- 
appear in the region where most of the soot 
growth occurred (see Fig. 2). Notably, 



P. B. SUNDERLAND ET AL. 

Fig. 1. TEM photograph of soot aggregates along the axis Fig. 2. TEM photograph of soot aggregates along the axis 
of the weakly-buoyant laminar acetylene/air jet diffusion of the weakly-buoyant laminar acetylene/air jet diffusion 
flame at 0.25 atm. (Flame 1): near the start of soot forma- flame at 0.25 atm. (Flame 1): near the end of the soot 
tion at z/d = 2.9 or a residence time of 4.2 ms. Note, formation at z/d = 5.7 or a residence time of 10.8 ms. 
TEM calibration mark is 200 nm long. Note, TEM calibration mark is 200 nm long. 

Megaridis and Dobbins [15] observe similar 
objects near the start of soot formation along 
the axis of buoyant ethylene/air diffusion 
flames at atmospheric pressure, which they 
suggest may be a liquid phase associated with 
the early stages of soot formation. Unfortu- 
nately, it was not possible to resolve the role of 
these translucent particles in the soot forma- 
tion process during the present investigation. 

Both soot and flame properties along the 
axis of Flame 1 are illustrated in Fig. 3. These 
results are plotted in terms of residence time, 
i.e., the elapsed time for a fluid parcel to 
convect from the burner exit, with the resi- 
dence time to reach the flame sheet (the char- 
acteristic residence time) noted on the figure 
as a reference. Species concentrations illus- 
trated in the figure, as well as corresponding 
results for Flames 2 and 3, are in excellent 

agreement with past measurements of state 
relationships for major gas species as a func- 
tion of mixture fraction at atmospheric pres- 
sure [31,44]. Temperature reaches a maximum 
well before both the flame tip and the region 
of greatest soot production, which suggests sig- 
nificant effects of continuum radiation from 
soot, and possibly effects of incomplete com- 
bustion due to the presence of substantial con- 
centrations of CO and soot, on temperatures 
within the flame. 

Significant levels of soot formation, based on 
increasing values of soot volume fractions, only 
are observed when temperatures exceed 
roughly 1250 K for Flame 1 in Fig. 3, which is 
typical of all the present flames as well as past 
observations [2-41. The end of soot formation, 
which roughly corresponds to conditions where 
the maximum value of f, is reached because 
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TIME (ins) 

Fig. 3. Soot and flame properties along the axis of the 
weakly buoyant laminar acetylene/air jet diffusion flame 
at 0.25 atm. (Flame 1). 

gas densities are relatively uniform in this re- 
gion, generally occurs when the concentration 
of acetylene becomes small. This condition is 
reached well before the flame sheet is reached, 
i.e., at a fuel-equivalence ratio of roughly 1.7. 
Notably, the end of the soot formation region 
occurred at similar conditions within the other 
three flames. As mentioned in connection with 
Figs. 1 and 2, the relationship between soot 
concentrations and primary particle diameters 
is complex for these flames due to interactions 
between soot nucleation and growth. Thus, d ,  
reaches a maximum well before f, does, with 
the intervening region involving a large in- 
crease of n ,  due to rapid nucleation. Nucle- 
ation eventually ceases, however, near the 
maximum f ,  condition, where acetylene disap- 
pears, as noted earlier. In contrast to the com- 
plex behavior of d,,  however, the aggregation 
of soot particles causes a progressive increase 
of fl with time. 

Soot Growth 

Present measurements along the axis of the 
four test flames were used to study soot growth 

and nucleation in diffusion flames. As noted 
earlier, soot surface growth, rather than soot 
nucleation, dominates soot mass production. 
Additionally, effects of thermophoresis are 
small so that soot convects along streamlines 
because soot aggregates are too large to dif- 
fuse. Finally, the surface area available for 
soot growth was found by assuming that soot 
aggregates approximate constant diameter 
spherical primary particles that meet at a point. 
Then defining the soot growth rate, w,, as the 
rate of increase of soot mass per unit soot 
surface area and time, conservation of soot 
mass along a streamline under these assump- 
tions yields 

where u, is the soot growth velocity. The soot 
surface area per unit volume, S, in Eq. 2 can 
be found from 

where the last equality of Eq. 3 follows from 
Eq. 1. The local density in Eq. 2 was found 
from present concentration and temperature 
measurements, assuming an ideal gas mixture 
of the major gas species and neglecting the 
volume of soot (which was only present at ppm 
levels). The soot density in Eq. 2 was taken to 
be p, = 1850 kg/m3, as discussed by Puri et al. 
[16]. Finally, the temporal derivative in Eq. 2 
was found from three-point least-squares fits 
of the argument of the derivative, p, f , / p .  

Based on existing observations, soot growth 
was associated with acetylene concentrations. 
In particular, observations of premixed flames 
generally correlate soot growth rates with 
acetylene concentrations 123-291. Additionally, 
soot formation ended when acetylene disap- 
peared and acetylene was the only hydrocar- 
bon present in significant quantities within the 
present diffusion flames, as noted earlier. Thus, 
the following expression for w, was studied: 

where k , ( T )  normally is an Arrhenius expres- 
sion. Evaluation of Eq. 4 using the present 
measurements for various values of n,  how- 
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ever, suggested no temperature dependence 
for kg .  This behavior implies a small activation 
energy, which agrees with past suggestions of 
low activation energies for recombination-like 
soot growth processes [2, 23, 24, 29, 42, 431. 
Thus, a correlation of present measurements 
was sought by simply plotting w, as a function 
of the molar concentration of acetylene as 
illustrated in Fig. 4. Present test conditions 
yielded a range of acetylene concentrations of 
roughly 6 X 10-~-1 x kg-mol/m3, a 
range of temperatures of 1250-2100 K, and a 
corresponding range of the observed soot 
growth velocities of roughly 0.01-10 wm/s. 
Over this range of conditions an empirical fit 
of the measurements was found which is illus- 
trated in Fig. 4. Based on the units wg (kg/ 
m2 s) and [C2H2] (kg-mol/m3), this fit can be 
expressed as 

The standard deviation of the power in Eq. 5 is 
0.18, and the correlation coefficient of the fit is 
0.89. Thus, present gross measurements of soot 
growth exhibit an order with respect to the 
concentration of acetylene (95% confidence) 
within the range 1.29-2.01. 

The order of soot growth with respect to 
acetylene concentrations observed in Fig. 4 is 
high compared with past suggestions based on 
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Fig. 4. Correlation of present gross soot growth rates 
along the axis of the weakly buoyant laminar acetylene/air 
jet diffusion flames, as well as measured soot growth rates 
within premixed flames from Refs. 123-281. 

measurements of soot growth in premixed 
flames [23-281. The premixed flame data from 
these references has been plotted in Fig. 4 to 
provide a direct comparison with present dif- 
fusion flame measurements. The fuels used in 
the premixed flame experiments were propane, 
ethylene, toluene and methane, although 
acetylene dominated hydrocarbon concentra- 
tions in the region where soot growth measure- 
ments were made. The experiments of Bock- 
horn et al. [23, 241 involved a pressure of 0.15 
atm while the remaining experiments were car- 
ried out at atmospheric pressure. Estimates of 
soot surface areas for the premixed flames 
were obtained from original sources, and were 
based on analysis of extinction and scattering 
measurements. Finally, rates of soot growth in 
premixed flames exhibit an effect of age, with 
the rate of growth decreasing as the residence 
time increases for a given ambient environ- 
ment, as discussed earlier. This behavior is 
indicated by the vertical span of the premixed 
flame data in Fig. 4, with the largest w, repre- 
senting new soot at relatively small residence 
times (4-15 ms). 

The premixed flame data illustrated in Fig. 4 
are qualitatively similar to present measure- 
ments in diffusion flames. In particular, the 
growth rates of new soot in premixed flames 
approach the growth rates observed in the 
present diffusion flames (which have compara- 
ble residence times). However, the growth rates 
in the premixed flames consistently are lower 
than in the diffusion flames. While an effect of 
age could be responsible for this behavior, the 
apparent reduction of growth rates in pre- 
mixed flames also could be caused by overesti- 
mation of the soot surface area due to use of 
simplified soot optical theories, with uncertain- 
ties about soot refractive indices being a con- 
tributing factor [32]. In particular, Harris and 
Weiner [25, 261 find that direct B.E.T. soot 
surface area measurements (see Brunauer et 
al. [45] for a description of this technique) 
were roughly a factor of two lower than the 
optical measurements, which is sufficient to 
explain the discrepancy between their new soot 
growth data and the present measurements. 
Additionally, the acetylene concentration 
ranges of the individual premixed flame studies 
are rather narrow to provide an accurate de- 
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termination of the reaction order with respect 
to acetylene concentration, while complica- 
tions due to effects of aging prevent merging 
the various premixed flame results to find the 
reaction order with respect to acetylene. 

A concern about present measurements of 
soot growth in diffusion flames is that effects 
of soot oxidation could mask the actual growth 
behavior found from the measurements illus- 
trated in Fig. 4, particularly when acetylene 
concentrations become small near the end of 
the soot growth region. This possibility 
prompted consideration of soot oxidation by 
O,, CO,, H,O, and OH using present mea- 
surements of species concentrations and tem- 
peratures along the axis. Reaction of soot with 
H,O was small in the soot growth region, 
based on the rate expressions found in John- 
stone et al. [46]. Similarly, OH concentrations 
should remain small as long as fuel gases are 
present [49, 501, which implies that the OH 
soot oxidation mechanism of Neoh et al. [51] 
can be ignored in the soot growth region as 
well. Conversely, soot oxidation by O,, and to 
a lesser degree by CO,, were determined to be 
significant in the soot growth region. In partic- 
ular, the presence of oxygen mole fractions of 
roughly 0.01 in the soot growth region, see Fig. 
3 and the generalized state relationships of 
Ref. 37, imply significant potential for direct 
reaction between oxygen and soot. Based on 
the recent discussion of soot oxidation by Puri 
et al. [17], the direct oxidation of soot in the 
soot growth region was estimated using the 
rate expression of Nagle and Strickland- 
Constable [52], which was confirmed later by 
Park and Appleton [53]. Additionally, the pres- 
ence of CO, mole fractions up to 0.07 in the 
soot growth region provides some potential for 
reaction between C 0 2  and soot; this mecha- 
nism was treated using the approach described 
in Libby and Blake [47] but the corresponding 
corrections of w, were relatively small. In or- 
der to check the combined O,, H,O, and CO, 
soot oxidation mechanisms, the predictions 
were compared to present measurements of 
soot oxidation rates in the fuel-lean portions of 
the four test flames; on average, predictions 
exceeded measurements by a factor of roughly 
7:  1. Based on this observation, present esti- 
mates of soot oxidation rates probably are 

somewhat overestimated; this effect will be 
dealt with subsequently. 

The present soot growth rates, corrected for 
soot oxidation in the soot growth region, are 
plotted as a function of acetylene concentra- 
tion in Fig. 5. The correction for soot oxidation 
only becomes significant near the end of the 
soot growth region when observed growth rates 
become small. The net effect of the correction 
is to yield the following best fit correlation, 
based on the same units as Eq. 5, which is 
shown on the plot: 

The standard deviation of the power in Eq. 6 is 
0.10, and the correlation coefficient of the fit is 
0.87. Thus, the correlated data exhibit an order 
with respect to acetylene (95% confidence) 
within the range 0.70-1.10, which is not statis- 
tically different from unity. In addition, growth 
rate displayed no statistically significant varia- 
tion with temperature, implying a negligible 
activation energy. Prompted by these observa- 
tions, the corrected data were used to estimate 
a collision efficiency for acetylene, which is 
defined as the ratio of the corrected growth 
rate to the growth rate that would result if 
each C,H,/soot-surface collision added a soot 
mass of 24 kg/kgmol, finding a collision effi- 
ciency of 0.53% with an uncertainty (95% con- 
fidence) of 0.15% over the present test range. 
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Fig. 5. Correlation of present net soot growth rates along 
the axis of the weakly buoyant laminar acetylene/air jet 
diffusion flames, after correction for soot oxidation, as well 
as measured soot growth rates within premixed flames 
from Refs. 23-28. 
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It also was determined that the corrections for 
oxidation had only a small impact on present 
estimates of soot growth collision efficiency; 
for example, eliminating measurements where 
the oxidation corrections exceeded 50% of the 
observed growth rate, yielded a collision effi- 
ciency of 0.61%, which is not statistically dif- 
ferent from the earlier estimate. Furthermore, 
this entire process was repeated using the re- 
sults of Bradley et al. [54] for carbon oxidation 
by CO, and H,O, along with the results of 
Nagle and Strickland-Constable [52] for carbon 
oxidation by O,, yielding a soot growth colli- 
sion efficiency of 0.58%, which also is not 
statistically different from the earlier result. 
Additionally, in contrast to existing premixed 
flame measurements, also plotted on Fig. 5, 
where age causes soot growth collision effi- 
ciencies to progressively decrease [23-281, no 
effect of age was observed for present mea- 
surements of collision efficiencies in diffusion 
flames (for a residence time range of 3-15 ms). 
Finally, the oxidation corrections cause an in- 
crease in the difference~ between the growth 
rates in the present diffusion flames and new 
soot in premixed flames (cf., Fig. 4), however, 
these differences still are comparable to effects 
of uncertainties in optical estimates of soot 
surface areas for premixed flames, discussed 
earlier. Nevertheless, uncertainties about esti- 
mates of soot oxidation rates in diffusion flame 
environments [17], as well as potential effects 
of soot age on growth rates in both premixed 
[23-281 and diffusion flame environments, 
clearly merit further study in order to better 
define the soot growth process. 

Soot Nucleation 

Present measurements along the axis of the 
four test flames also were used to study the 
mechanism of soot nucleation. The soot nucle- 
ation rate, w,, was defined as the rate of in- 
crease of the number of primary particles per 
unit volume and time. Based on the same 
assumptions used to determine soot growth 
rates from Eq. 2, the expression for soot nucle- 
ation rates for motion along a streamline be- 
comes: 

The soot nucleation rates were correlated in 
terms of acetylene concentrations, similar to 
the earlier considerations of soot growth, i.e., 

where kn(T) is an Arrhenius expression. Equa- 
tion 7 was evaluated based on the present 
measurements; finding p and determining the 
argument of the derivative while locally 
smoothing the data using three-point least 
squares fits, in the same manner as for soot 
growth. The measurements indicated that 
first-order behavior for nucleation was reason- 
able, in agreement with earlier assessments of 
soot nucleation for various soot formation pro- 
cesses [2, 42, 43, 551. 

Present soot nucleation measurements are 
plotted as a function of temperature, assuming 
first-order kinetics, in Fig. 6. The range of the 
present data is as follows: acetylene concentra- 
tions of 6 X 10-6-1 x kg-mol/m3, tem- 
peratures of 1000-2100 K and k, of 10-~-10-~  
s-'. The scatter of the soot nucleation data is 
appreciable due to the strong sensitivity of n, 
to d, through Eq. 1. Based on the units w, 
(kg-mol/m3 s), [C,H,] (kg-mol/m3) and T(K), 
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Fig. 6. Correlation of present soot nucleation rates along 
the axis of the weakly buoyant laminar acetylene/air jet 
diffusion flames, as well a s  earlier results for soot nucle- 

(7) ation rates due to Leung et al. [55]. 
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the present measurements yield the following 
first-order nucleation rate correlation: 

with a standard deviation of the activation 
temperature of 1340 K, an activation tempera- 
ture range (95% confidence) of 13300-18800 K 
and a correlation coefficient of the fit of 0.92. 
The activation energy corresponding to the 
activation temperature of Eq. 9 is modest, 32 
kcal/gmol, which is not particularly surprising 
for a recombination-like process such as soot 
nucleation [2, 42, 43, 551. 

Leung et al. [55] recently have evaluated 
soot nucleation data based on optical measure- 
ments from various sources and suggest, using 
the same units as Eq. 9: 

w, = lOOOO[C,H,l exp (-21100/T), (10) 

which implies an activation energy of 42 
kcal/gmol. Equation 10 also is plotted in Fig. 6 
where it yields estimates of w, that are roughly 
an order of magnitude larger than the present 
measurements. Discrepancies of this magni- 
tude are not surprising, however, in view of the 
past uncertainties of interpreting optical mea- 
surements to find primary particle sizes needed 
to evaluate Eq. 9 (discussed in connection with 
the soot growth measurements for premixed 
flames). In particular, overestimation of soot 
surface area by the optical methods, men- 
tioned by Harris and Weiner [25, 261, would 
naturally lead to overestimation of soot nucle- 
ation rates seen for the correlation of Leung et 
al. [55] in Fig. 6. Clearly, additional measure- 
ments are needed to better establish soot nu- 
cleation properties in diffusion flames, as well 
as the role of the translucent objects in the 
nucleation process. 

CONCLUSIONS 

Flame structure and soot processes were stud- 
ied in weakly buoyant, acetylene/air, laminar 
jet diffusion flames at 0.125-0.250 atm, em- 
phasizing processes along the axis where soot 
first nucleates near the cool core of the flow 
and experiences a monotonic decrease of mix- 

ture fraction along a soot path line, similar to 
behavior in nonbuoyant flames [I]. The major 
conclusions of the study are as follows: 

1. Significant soot nucleation and growth be- 
gan when temperatures reached roughly 
1250 K, and ended when acetylene disap- 
peared at a fuel-equivalence ratio of roughly 
1.7. Maximum primary soot particle diame- 
ters along the flame axes were observed 
near the beginning of soot formation due to 
the combined effects of soot nucleation and 
growth. 

2. Present soot growth measurements, cor- 
rected for effects of soot oxidation, yielded 
first-order behavior with respect to acety- 
lene with a collision efficiency of 0.53%. 
Present soot growth measurements in dif- 
fusion flames exhibited negligible effects of 
soot age with rates somewhat larger (roughly 
a factor of two) than past observations of 
new soot in premixed flames due to Bock- 
horn et al. [23, 241, Harris and Weiner 
[25-271, and Ramer et al. [28]. However, 
uncertainties concerning soot oxidation 
rates in diffusion flames and effects of soot 
age, in both diffusion and premixed flames, 
must be resolved in order to better define 
soot growth processes. 

3. Soot nucleation was roughly first-order with 
respect to acetylene concentration, with a 
modest activation energy of roughly 32 
kcal/gmol; however, these nucleation rates 
were roughly an order of magnitude smaller, 
with a smaller activation energy, than an 
expression proposed by Leung et al. [55] 
based on earlier results in the literature. It 
is suspected that the approximations used 
by Leung et al. [55] to estimate soot surface 
area from optical measurements are respon- 
sible for the discrepancies but the issue 
merits further study. 
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Comments 

C .  Megaridis, University of Illinois at Chicago, 
USA. The declining character of soot primary 
particle diameter ( d , )  in the region of increas- 
ing soot volume fraction (f,) was attributed to 
sustained soot inception along the flame axis. 
Was this hypothesis corroborated by your TEM 
observations, i.e., were soot precursor particles 
detected on the micrographs in these flame 
locations? 

Authors' Reply. What was seen on the TEM 
photographs is typified by the examples pro- 
vided in Figs. 1 and 2 of soot near the start and 
end of soot formation within Flame 1, respec- 
tively. In both cases, the roughly spherical pri- 
mary soot particles have nearly constant diam- 
eters, and we did not observe significant num- 
bers of smaller primary soot particles (ranging 
down to the smallest detectable size) that would 
be directly suggestive of the presence of newly 
formed soot particles. Thus, the conclusion 
concerning sustained soot nucleation (incep- 
tion) follows from the observation of increas- 
ing numbers of primary soot particles per unit 
volume, n,, along the axes of the flames, simi- 
lar to the behavior illustrated in Fig. 3. 

The reasons why large numbers of small 
primary soot particles were not observed in 
regions where soot nucleation rates were large 
must still be established; two possible explana- 
tions involve the rapid coagulation of small 
precursor soot particles, and the rapid net soot 
growth velocity of the soot formation region of 
acetylene/air diffusion flames (up to 20 
nm/ms, see Figs. 4 and 5). In addition, the 
significance of the round translucent objects, 
mainly observed near the onset of soot nucle- 
ation, must still be resolved. 

K .  C .  Smyth, NIST, USA. Comment. The ques- 
tion of whether or not soot particle reactivity 
decreases with time will be difficult to answer 
if nucleation persists along the flame center- 
line-as the authors suggest. The high reactiv- 
ity of newly formed particles could mask the 
decreasing reactivity of the older particles. 

Question. Have you compared your surface 
growth rates with earlier measurements in dif- 
fusion flames? Examples include Refs. 1-8. 

Authors' Reply. Present data (see Fig. 3) shows 
quite clearly that n, increases throughout the 
soot formation region for soot paths along the 
flame axis; thus, the presence of continued 
nucleation throughout the soot formation re- 
gion for these paths seems reasonably demon- 
strated. Dr. Smyth offers an interesting hy- 
pothesis about why variations of soot particle 
reactivity might be difficult to resolve for soot 
paths along the axis of laminar jet diffusion 
flames as a result; clearly, this is an issue that 
merits study in order to better understand soot 
nucleation and growth in diffusion flames. . 

The studies cited by Dr. Smyth involve a 
variety of fuels, ambient pressures, soot paths 
and flame geometries, none of which are iden- 
tical to the conditions of the present study; 
therefore, direct comparison of net soot growth 
rates may not be very illuminating. Neverthe- 
less, the range of soot growth rates observed 
during the present study, 0.02-39 gm/m2s, 
generally bounds the ranges observed in the 
other studies, e.g., in the same units and as- 
suming a constant soot density of 1850 kg/m3, 
0.2-4.6 [I], 0.1-7.4 [2], 0.05-5.7 [3], 0.07-3.7 
[41, 0-23 [51, 0.09-5.6 [61, 0.3-1.1 [7] and 
0.03-0.9 [8]. 
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Aside from different flame conditions, sev- 
eral other caveats should be noted about the 
comparison between present soot growth rates 
and those of Refs. 1-8. First of all, even though 
soot oxidizing species were present in the soot 
formation regions of all the flames, only the 
present results have been corrected for effects 
of soot oxidation. Second, the other studies did 
not use the complete governing equation for 
soot growth rate (see the present Eq. 2); in 
particular, Refs. 1-6 used w, = ( p,/S)dfs/dt 
(which involves the assumption that p = 

constant) and Refs. 7 and 8 used w, = 

( p,/2)ddp/dt (which involves the assumption 
that n, /p  = constant) while present flame 
structure measurements indicate that neither 
of these assumptions is justified for present 
test conditions and raises questions about their 
use in other circumstances. Additionally, soot 
particle sizes and surface areas were found 
using laser scattering, while assuming Rayleigh 
scattering from spherical soot aggregates, in 
Refs. 1-6, which is a questionable practice 
compared to sampling and TEM measure- 
ments used in the present study (see Ref. 32 of 
the paper). Finally, none of Refs. 1-8 made 
species concentration measurements which are 

imperative for determining soot growth species, 
reaction order and the collision efficiency (if 
appropriate) of soot growth, the activation en- 
ergy of soot growth, and possible effects of 
soot age on soot growth; thus, the absence of 
such data, combined with different test condi- 
tions, precludes any absolute comparisons be- 
tween the present measurements and those of 
Refs. 1-8. 
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