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Scalar Properties in the Overfire Region of Sooting Turbulent 
Diffusion Flames 

Y. R. S I V A T H A N U ,  J .  P .  G O R E  and G. M.  F A E T H  

Department of Aerospace Engineering, The University of Michigan, Ann Arbor, MI 48109-2140 

The scalar structure of the overfire (fuel-lean) region of sooting turbulent diffusion flames was investigated, 
considering ethylene and acetylene burning in air. Measurements and predictions are reported of the mean 
concentrations of major gas species and mean soot volume fractions. Predictions were based on the conserved-scaiar 
formalism in conjunction with the laminar flamelet approximation. The comparison between predictions and 
measurements was encouraging, suggesting that state relationships for major gas species, found in laminar diffusion 
flames, were preserved in the overfire region of the turbulent flames. Measurements also indicated nearly constant 
soot generation efficiencies from point to point in the overfire region for sufficiently long characteristic residence 
times to yield nearly universal soot volume fraction state relationships at the same conditions. However, effects 
attributed to finite-rate chemistry were observed at shorter characteristic residence times, causing spatial variations of 
soot generation efficiencies in the overfire region, with associated loss of universal soot volume fraction state 
relationships. 

N O M E N C L A T U R E  

a acceleration o f  gravity 
d burner exit diameter 
f mixture fraction 
fo soot-volume fraction 

i 
i ( -  1) 7 
k turbulence kinetic energy 
m complex index of  refraction of  soot 
mo burner mass flow rate 
QR radiative heat-loss fraction 
r radial distance 
Re burner Reynolds number 
Ri burner Richardson number 
u streamwise velocity 
x height above burner exit 

Greek 

v kinematic viscosity 
p density 

S u b s c r i p t s  

o burner exit condition 
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Superscripts 

( - )  time-averaged quantity 
( - )  Favre-averaged quantity 

I N T R O D U C T I O N  

Radiant energy transport influences the burning 
rate, the rate of  spread, and the structure of  fires 
within structures--particularly for soot-containing 
luminous flames. In order to better understand 
these phenomena, studies of  the structure and 
radiation properties of  luminous turbulent ethyl- 
ene/air and acetylene/air diffusion flames were 
recently completed in this laboratory [1, 2]. These 
studies emphasized radiation properties, however, 
leaving uncertainties concerning scalar structure, 
particularly in the overfire (lean) region. The 
objective of  the present investigation was to 
consider the scalar structure o f  the overfire region 
of  the same flames, with particular emphasis on 
the scalar properties needed for analysis of  flame 
radiation. 

Predictions of  flame radiation require informa- 
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tion concerning the concentrations of major gas 
species and the properties of soot [1, 2]. Soot 
particles in flames generally have diameters 
smaller than 100 nm, while infrared radiation 
having wavelengths greater than 1000 nm is most 
important; therefore, the Rayleigh limit of small 
particles is generally acceptable for estimating the 
spectral absorption coefficients of soot, and scat- 
tering can be ignored [3]. As a result, the only soot 
properties needed for radiation analysis are the 
refractive indices and volume fractions of soot. 
There is some controversy concerning the refrac- 
tive indices of soot; however, they are relatively 
independent of the original fuel and estimates are 
available in the literature [3]. Thus, soot volume 
fractions are the soot property that must be found 
from predictions of flame structure, in order to 
analyze radiation from luminous flames. 

The laminar flamelet concept for diffusion 
flames, proposed by Bilger [4] and Liew et al. [5, 
6], has significant potential for simplifying estima- 
tion of scalar properties needed for radiation 
analysis of turbulent diffusion flames [1, 2]. The 
concept is based on the observation that the 
concentrations of major gas species are nearly 
universal functions of mixture fraction (the frac- 
tion of mass which originated from the burner) 
within laminar flames, relatively independent of 
position and the degree of local flame stretch [4]. l 
The concept is applied to turbulent flames by 
assuming that they correspond to wrinkled laminar 
flames having the same universal correlations 
between scalar properties and mixture fraction. 
The latter can be found by analysis of turbulent 
mixing; therefore, the laminar flamelet concept 
replaces the problem of complex flame chemistry 
in a turbulent environment by routine measure- 
ments in laminar flames. 

Correlations between scalar properties and mix- 
ture fraction have come to be called "state 
relationships" [7]. State relationships for the 

Exceptions to these correlations are observed in regions of 
high flame stretch, associated with points of flame attachment 
and extinction [5, 6]; however, such regions are generally 
only a small fraction of the entire flow field. Minor gas 
species, like radicals and pollutants, exhibit larger regions 
where universality is lost [7]; however, except for soot, these 
substances generally have little effect on flame radiation. 

concentration of major gas species have been 
measured for a variety of fuels burning in air at 
normal temperatures and pressures, as follows: 
hydrogen [4, 8], carbon monoxide [9], methane 
[4, 10], propane [11], n-heptane [4], ethylene [1], 
and acetylene [2]. Local thermodynamic equilib- 
rium is generally observed for lean conditions; 
however, hydrocarbon fuels depart significantly 
from equilibrium at fuel-rich conditions due to 
slow chemical processes associated with fuel 
decomposition and soot formation. Nevertheless, 
a quasi-equilibrium is reached at fuel-rich condi- 
tions for these materials as well, yielding universal 
correlations of major gas species concentrations as 
a function of mixture fraction, as required by the 
laminar flamelet concept [4-6]. 

If the laminar flamelet concept can be extended 
to soot volume fractions, it would vastly simplify 
estimation of scalar properties needed for radiation 
analysis of luminous flames. Existing measure- 
ments by Kent and Bastin [12], Kent [13], and 
Becker and Liang [14] for turbulent soot-contain- 
ing flames provide some evidence that this poten- 
tial may exist for a useful range of flame condi- 
tions-particularly for the buoyant turbulent 
flames typical of unwanted fires. Kent and Bastin 
[12] used laser extinction measurements to study 
effects of residence time on soot concentrations 
within acetylene/air diffusion flames. They ob- 
served that soot concentrations become relatively 
independent of residence time, for sufficiently 
long residence times, suggesting that a quasi- 
equilibrium condition was being approached for 
soot properties. Subsequently, Kent [13] deter- 
mined that characteristic soot volume fractions (a 
parameter related to the maximum soot volume 
fractions in a turbulent flame) were relatively 
independent of residence time for sufficiently long 
residence times and were related to the same 
parameter found in laminar flames for a variety of 
fuels. Becker and Liang [14] studied turbulent 
sooting flames for a wide range of conditions. 
They found that the mass percentage of fuel 
carbon that was converted to soot and emitted 
from the flames, defined as the soot generation 
efficiency [15], also became relatively indepen- 
dent of flame conditions for sufficiently long 
residence times. All these observations suggest a 
potential for universal soot volume state relation- 
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ships, particularly at sufficiently long residence 
times. 

Soot volume fraction state relationships were 
examined during earlier studies of ethylene and 
acetylene flames in this laboratory [1, 2]. Mea- 
surements in laminar jet flames showed that soot 
volume fractions were only appreciable for a 
relatively narrow range of mixture fractions in the 
fuel-rich region (soot spikes) near the stoichiome- 
tric condition. State relationships for soot volume 
fractions were found within the soot spikes; 
however, the correlations were inferior to the state 
relationships for major gas species. This was 
attributed to effects of finite-rate chemistry, 
laminar hydrodynamics associated with the small 
diffusivities of soot particles, and effects of 
thermophoresis of soot particles [16, 17]. Never- 
theless, subsequent use of these soot volume 
fraction state relationships for predictions of radia- 
tion emission and absorption in turbulent flames 
yielded encouraging agreement with measure- 
ments, suggesting that they were at least suffi- 
ciently universal to be useful for analyzing flame 
radiation properties [ 1, 2]. The situation is helped 
by the relative insensitivity of continuum-radiation 
predictions to estimates of soot volume fractions in 
comparison to other properties; for example, 
sensitivity studies showed that a 5% increase in 
soot volume fractions increased spectral intensities 
in the continuum less than 3%, while a similar 
increase in temperature yielded intensity increases 
of 30-50% [2]. 

The earlier studies of turbulent ethylene and 
acetylene flames [1, 2] highlighted the importance 
of the presence of soot in the overfire region. In 
particular, the turbulent flames emitted soot, and 
emission and extinction of radiation by soot in the 
overfire region was significant. In order to treat 
effects of soot on the radiation properties of the 
overfire region, the soot volume fraction state 
relationships were extended into the lean region. 
This was done by selecting constant volumetric 
soot generation coefficients 2 for each fuel. This is 
equivalent to assuming that the soot volume 

2 The volumetric soot generation coefficient is defined as the 
volume of soot emitted from the flame per unit mass of fuel 
reacted. 

fraction and the mixture fraction when soot oxida- 
tion ceases (near stoichiometric conditions) are the 
same for all paths through the flame, and that 
subsequently soot only passively mixes in the 
overfire region. The selections of volumetric soot 
generation efficiencies were optimized to some 
extent by extinction measurements in the overfire 
region. This approach yielded encouraging radia- 
tion predictions for the turbulent flames [1, 2]; 
however, a more direct evaluation of the lean 
portions of the soot volume fraction state relation- 
ships would be desirable. Finally, additional as- 
sessment of scalar structure predictions is needed 
in order to evaluate effects of errors in the 
structure analysis on the radiation predictions [1, 
2]. 

The present investigation sought to supply 
information on soot volume fractions and scalar 
structure in the overfire region o f  the turbulent 
ethylene and acetylene flames studied earlier [1, 
2]. Measurements were made of the mean concen- 
trations of major gas species and soot volume 
fractions. Predictions of these properties, using 
methods developed earlier [1, 2], were evaluated 
using the new measurements. Soot volume frac- 
tion state relationships for the overfire region and 
soot generation efficiencies were also studied by 
directly correlating measured soot volume frac- 
tions and mixture fractions. 

The paper begins with a brief description of 
experimental and theoretical methods. This is 
followed by discussion of the findings for the 
turbulent acetylene and ethylene flames, consider- 
ing predicted and measured mixture fractions, 
species concentrations, soot volume fractions, and 
the correlation of soot volume fraction state 
relationships in the overfire region. The paper 
concludes with discussion of soot generation effi- 
ciencies for the present flames and their compari- 
son with the measurements of others. 

EXPERIMENTAL METHODS 

Apparatus 

The test arrangement was the same as the earlier 
studies of turbulent ethylene and acetylene flames 
[1, 2]. The fuels were injected vertically upward 
from a water-cooled burner having an exit diame- 



318 Y .R .  SIVATHANU ET AL. 

TABLE 1 

Summary of Test Conditions a 

Fuel Ethylene Acetylene 

Reynolds number b 6,370 12,740 5,300 9,200 
Richardson number c x 104 1.8 0.38 4.5 1.4 
uo (m/s) estimated a 17.0 33.9 10.5 18.1 
uo (m/s) measured 16.7 36.1 11.8 20.6 

/ 

ko2/uo 0.050 0.048 0.13 0.13 
Heat release rate (kW) 13.5 27.0 10.5 18.1 
Radiative heat loss fraction (%) 36.0 34.4 57.0 59.0 
Fuel flow rate (mg/s) 310 620 217 376 
Hydrogen flow rate (mg/s) 1.9 9.6 1.9 1.9 

° Flow directed vertically upward from a 5-mm diameter passage in still air at normal temperature and pressure. Commercial 
grade ethylene (Linde Division of Union Carbide) and acetylene (Detroit Welding Supply) were used. 

bRe = uod/v based on fuel-gas properties at burner exit. 
cRi = ad/uo 2. 

aUo = 4K%/(xd2p) based on fuel-gas density at burner exit. 

ter of 5 mm. The flames were burned within a 
screened enclosure in order to reduce effects of 
room disturbances. The flames were attached at 
the burner exit by using a small flow of hydrogen, 
which was introduced through a slot just below the 
burner exit. 

Test Conditions 

Table 1 is a summary of the test conditions. Two 
flames each were considered for ethylene and 
acetylene. The test conditions were identical to [ 1, 
2]; therefore, it was not necessary to repeat 
measurements of initial conditions and the velocity 
field, which are needed to initiate calculations and 
to verify flow predictions. 

All flows had relatively high initial Reynolds 
numbers and were turbulent at the burner exit. 
Initial Richardson numbers were relatively low; 
however, effects of buoyancy were important for 
much of the flow because the surroundings were 
still. Thus, the radiative heat loss fractions of the 
flames are relatively independent of burner flow 
rate, which is characteristic of buoyant turbulent 
diffusion flames [18]. 

The present flames are similar to the longer 
residence time flames considered by Becker and 

Liang [14]. They identified their measurements by 
Richardson ratios and characteristic residence 
times based on visible flame lengths. The present 
flames roughly correspond to Richardson ratios on 
the order of 103, or characteristic residence times 
of 90-160 s (based on the definitions of these 
parameters of Becker and Liang [14]). Thus, the 
present flames are in the plateau region observed 
by Becker and Liang [14], where radiative heat 
loss fractions and soot generation efficiencies are 
nearly independent of the burner flow rate. 

Instrumentation 

Measurements were limited to mean concentra- 
tions of major gas species and laser extinction by 
soot to find soot volume fractions. Methods will be 
only briefly described because they were similar to 
past work [1, 2]. 

Sampling and analysis with a gas chromato- 
graph were used to measure mean concentrations 
of major gas species. A water-cooled probe, 
having an inlet diameter of 6.3 mm, was used for 
sampling. Sampling rates were crudely isokinetic, 
based on measured mean velocities along the axis 
and predictions of radial variations of velocity. 
This was adequate, however, as effects of dou- 
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bling and halving sampling rates were small in 
comparison to experimental uncertainties. The 
construction of the probe and the sampling system, 
and the column arrangement and calibration of the 
gas chromatograph, were described by Gore [19]. 
Uncertainties in composition measurements (95 % 
confidence) are less than 15% for concentrations 
greater than 0.1% (by volume), rising to 50 % at 
concentrations of 0.01% and becoming inversely 
proportional to concentration at lower concentra- 
tions. These uncertainties are largely governed by 
uncertainties in measuring gas chromatograph 
peak areas [19]. Mixture fractions were computed 
from these measurements, based on the measured 
concentrations of carbon and nitrogen and assum- 
ing that carbon:hydrogen ratios of the original fuel 
were preserved throughout the flow field. Uncer- 
tainties in these estimates (95 % confidence) range 
from 100% at f -  5 × 10 -4 to 30% at f -  5 x 
10 -2 , and are roughly proportional to the mixture 
fraction in the intervening region. The uncertain- 
ties of the mixture fraction determinations are 
largely due to uncertainties of gas species concen- 
trations and effects of fuel carbon in soot. 

Laser extinction was measured using a helium- 
neon laser (632.8 nm), similar to the methods of 
earlier work [1, 2]. Two-wavelength measure- 
ments showed that soot particles in these flames 
approximated the small-particle Rayleigh scatter- 
ing limit [2]. A chopper, operated at 800 Hz, was 
used to control background and flame radiation 
and to improve signal-to-noise ratios. Uncertain- 
ties in mean extinction measurements (95 % confi- 
dence) are estimated to be less than 10%, largely 
governed by finite sampling times [19]. 

Turbulent fluctuations have only a small effect 
on laser extinction measurements for these flames 
[1, 2]. Therefore, the extinction measurements 
were deconvoluted to provide estimates of mean 
soot volume fractions, using the approach de- 
scribed by Santoro et al. [16]. In order to be 
consistent with earlier work [1, 2, 16], soot 
volume fractions were computed using the soot 
refractive index measurements of Dalzell and 
Sarofim [20], i.e., m = 1.547 - 0.56i at 632.8 
nm. Uncertainties in soot volume fraction mea- 
surements depend on the fuel and position in the 
flames. They were estimated by perturbing the 

deconvolution calculations by the uncertainties of 
the extinction measurements. The uncertainties 
(95 % confidence) can be expressed in terms of the 
soot volume fractions for each fuel as follows: 
acetylene, 15% at 4 ppm and 300% at 0.06 ppm; 
ethylene, 20% at 0.5 ppm and 300% at 0.004 
ppm. Uncertainties are roughly proportional to 
soot volume fractions in the intervening region. 
Potential errors in estimations of refractive indices 
and effects of Mie scattering introduce additional 
uncertainties, which will be discussed later. 

THEORETICAL METHODS 

Analysis of flame structure was similar to past 
work [1, 2, 8-11] and will be only briefly 
described. Major assumptions of the structure 
analysis are as follows: low Mach number bound- 
ary-layer flow with no swirl; equal exchange 
coefficients of all species and heat; buoyancy 
affects only the mean flow; negligible changes of 
potential energy; and radiant heat loss from each 
element of the flow taken to be the same fraction 
of the chemical energy transformation of the 
element as the flame as a whole. All these 
assumptions are either justified by the present test 
conditions or by acceptable performance in the 
past [1, 2, 8-11]. The most questionable assump- 
tion involves ignoring radiant energy exchange 
within the acetylene flames. These flames lose a 
large fraction, ca. 60 %, of their energy release of 
reaction by radiation, suggesting significant coup- 
ling between structure and radiation properties. 
Nevertheless, the approximation was still adopted 
in order to avoid the complications of combined 
structure and radiation analysis for the present. 

Flow properties were found using a Favre- 
averaged k-e-g turbulence model proposed by 
Bilger [21], with specific modifications and empir- 
ical constants due to Jeng and Faeth [10]. The 
laminar flamelet approximation for diffusion 
flames was used to relate scalar properties to the 
mixture fraction, following Bilger [4]. State rela- 
tionships for the concentrations of major gas 
species, soot volume fractions, temperature, and 
density were obtained from the earlier studies [1, 
2]. 

Initial conditions for the structure calculations 
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were developed by linear extrapolation of mea- 
surements of mean and fluctuating velocities at x /  

d = 2 [2]. Similarly, the specification of boundary 
conditions and the details of the numerical compu- 
tations follow past practice [1, 2, 19]. 

RESULTS AND DISCUSSION 

Acetylene/Air Flames 

Species Concentrations 

Sampling measurements of gas species concentra- 
tions fall between time- and density-weighted 
(Favre)-averages; however, the degree of density 
weighting is generally unknown [7]. The differ- 
ences between the two limiting averages, how- 
ever, are less than 15 % for present test conditions. 
Such differences are comparable to experimental 
uncertainties; therefore, only Favre-averaged pre- 
dictions of mixture fractions and species concen- 
trations are illustrated in the following, in order to 
reduce cluttering of the figures. 

Figure 1 is an illustration of predicted and 
measured mean mixture fractions for the two 
turbulent acetylene/air flames. Results are plotted 
as a function of r / x  (the similarity variable most 
frequently used for turbulent jets and plumes) at 
various heights above the burner exit. The flame 
tips (based here and in the following on the 
location of the mean stoichiometric mixture ratio 
along the axis) are reached at x / d  - 75 and 80 for 
the low and high Reynolds number flames. 

The coordinates used in Fig. 1 provide a direct 
indication of flow widths and levels of mixing in 
the flames; therefore, plots of this type are 
sensitive indicators of the performance of turbu- 
lent mixing analysis. Both the agreement between 
predictions and measurements and the predicted 
trends with respect to burner Reynolds numbers 
are reasonably good. The largest discrepancies 
between predictions and measurements are at x / d  

= 130 for the lower Reynolds number flame, 
where measured mixture fractions are well below 
predictions. This behavior is probably due to 
ambient disturbances that deflect the flow, reduc- 
ing apparent concentration levels of fuel-contain- 
ing species; this effect is particularly difficult to 
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Fig. 1. Mixture fraction distributions for acetylene/air. 

control in weak flows far from the burner. In 
general, the performance of the analysis is consist- 
ent with earlier findings along the axis of these 
flames [2] and is characteristic of earlier evalua- 
tions of similar predictions for a variety of other 
turbulent diffusion flames [1, 8-11]. 

Typical predictions and measurements of the 
concentrations of major gas species (N2, O2, 
C2H2, CO, CO2) are illustrated in Figs. 2 and 3. 
Mean species mole fractions are plotted as a 
function of r / x  for x / d  = 53 and 110. The results 
suggest no particular difficulty with the laminar 
flamelet concept for gas species in these heavily 
sooting flames. The comparison between predic- 
tions and measurements is similar to that in soot- 
free flames, where local thermodynamic equilib- 
rium is essentially maintained [8, 9]. Areas of 
discrepancies between predictions and measure- 
ments generally are associated with regions where 
errors are present in the mixture fraction predic- 
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Fig. 2. Gas species concentrations (acetylene/air, x/d = 53). 

tions as illustrated in Fig. 1. It should be noted, 
however, that present measurements emphasize 
the overfire (lean) region of the flames, where 
local thermodynamic equilibrium is also a reason- 
ably good approximation, based on measurements 
in laminar acetylene/air diffusion flames [2]. 

S o o t  V o l u m e  F r a c t i o n  D i s t r i b u t i o n s  

Time-averaged predictions of soot volume frac- 
tions are reported in the following, in order to be 
consistent with the measurements. Predictions are 
based on the soot volume fraction state relation- 
ships of Gore and Faeth [2]. 

Predicted and measured time-averaged soot 
volume fractions in the turbulent acetylene flames 
are plotted in Fig. 4 as a function of r/x for 

various heights above the burner exit. Trends with 
respect to position and Reynolds number are 
predicted reasonably well in both the flaming and 
overfire regions of the flow, using the single soot 
volume fraction state relationship. Differences 
between predictions and measurements are gener- 
ally comparable to experimental uncertainties and 
are certainly comparable to the anticipated per- 
formance of the predictions in view of the approxi- 
mations of the turbulence model used to predict 
flame structure [10]. The greatest differences 
between predictions and measurements are ob- 
served at x /d  = 53, where predictions overesti- 
mate the width of the soot-containing region. 
Difficulties with the mixing analysis are probably 
the main cause of this problem; e.g., profile 
widths of all other scalar properties are somewhat 
overestimated at this position (see Figs. 1 and 2). 
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Correlation of Soot Volume and Mixture 
Fractions 

Predictions and measurements of soot volume 
fractions are cross-plotted directly as a function of 
mixture fraction (the soot volume fraction state 
relationship coordinates) in Fig. 5. The measure- 
ments are identified by flame Reynolds number 
and height above the source, but not by radial 
position, in order to reduce cluttering. The mea- 
surements represent time-averaged soot volume 
fractions as a function of mean mixture fractions 
as measured by the sampling system. As noted 
earlier, the mixture fraction measurements have 
indeterminant levels of density weighting but 
should fall between time and Favre averages, 
which are not very different for the conditions 
illustrated in Fig. 5. Experimental uncertainties, 
estimated as described earlier, are indicated by the 

crossed brackets located at both ends of the data 
range. The measurements are limited to overfire 
(lean) conditions, due to problems of measuring 
species concentrations in the flaming region, 
where soot concentrations are high. 

Several correlations and predictions are also 
plotted in Fig. 5 including the lean portion of the 
soot volume fraction state relationship, found 
earlier [2], constructed for the limits of an 
adiabatic flame and a flame losing the measured 
radiative heat loss fraction. Differences between 
these limits are most significant near stoichiome- 
tric conditions, where the correlation allowing for 
radiative heat losses is probably most representa- 
tive. 

Relating time-averaged measurements in a tur- 
bulent flame to the instantaneous properties associ- 
ated with a state relationship is questionable; 
therefore, potential effects of turbulent fluctua- 
tions have been illustrated in Fig. 5 by cross- 
plotting predictions of time-averaged soot volume 
fractions and Favre-averaged mixture fractions in 
an attempt to simulate the measurements. These 
predictions were based on the standard soot 
volume fraction state relationships, allowing for 
radiative heat losses [2]. For acetylene, changes in 
burner Reynolds numbers and height above the 
burner exit had little effect on these plots; e.g., the 
two predictions illustrated in Fig. 5 bound all the 
results and are essentially identical. Effects of 
turbulent fluctuations are small for very lean 
conditions, where the time-averaged predictions 
for the turbulent flames merge with the state 
relationships. As stoichiometric conditions are 
approached, however, the turbulent predictions 
are biased above the soot volume fraction state 
relationship due to the presence of the soot spike 
on the fuel-rich side of the stoichiometric mixture 
fraction. 

The soot volume and mixture fraction measure- 
ments illustrated in Fig. 5 appear to be correlated 
along single lines at each burner flow rate and 
height above the burner. This behavior, however, 
is an artifact of the measurements because all the 
soot volume fractions at a given flow rate and 
position are related to some extent through the 
deconvolution procedure. Otherwise, measure- 
ments at various burner flow rates and heights 
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Fig. 5. Correlation between soot volume fraction and mixture fraction for acetylene/air. The 
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above the burner appear to be randomly distrib- 
uted, with soot volume fractions and mixture 
fractions being correlated within experimental 
uncertainties. Present measurements are consist- 
ently below the state relationship of [2] at low 
mixture fractions, where effects of heat losses and 
turbulent fluctuations are small. However, the 
differences are within experimental uncertainties, 
so advocating an alternative correlation is ques- 
tionable, particularly as the correlation of [2] 
performed reasonably well for predictions of soot 
volume fraction distributions illustrated in Fig. 4. 
As mixture fractions approach stoichiometric con- 
ditions, the present measurements tend to exceed 
the state relationships of [2], roughly following the 
predictions of effects of turbulent fluctuations in 
this region. Overall, the findings are supportive of 
the existence of nearly universal soot volume 
fraction state relationships, along the lines of [2], 
for the overfire regions of the present turbulent 
acetylene/air flames. 

Ethylene/Air Flames 

Species Concentrations 

The properties just considered for the turbulent 
acetylene/air flames will now be examined for the 
turbulent ethylene/air flames. Predicted and mea- 
sured mean mixture fractions are plotted in Fig. 6 
as a function of r / x ,  for various heights above the 
burner exit. Flame tips are reached at x / d  - 85 

and 90 for the low and high Reynolds number 
flames. The comparison between predictions and 
measurements is not as good as the results for 
acetylene illustrated in Fig. 1, particularly for the 
higher Reynolds number ethylene flame, where 
predictions underestimate measured mixture frac- 
tions everywhere. The largest discrepancies be- 
tween predictions and measurements are observed 
at the highest position, where room disturbances 
are probably a factor. 

Typical predictions and measurements of the 
molar fractions of major gas species are plotted in 
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Fig. 6. Mixture fraction distributions for ethylene/air. 

Figs. 7 and 8 as a function of r/x, for x / d  = 50 
and 90. The comparison between predictions and 
measurements is similar to the findings for acety- 
lene, with somewhat increased deficiencies being 
attributable to the poorer predictions of mixing for 
ethylene, e.g., poorer predictions of mixture 
fraction distributions in the flames. In view of the 
approximations of the turbulent mixing analysis, 
and experimental uncertainties, the state relation- 
ships for gas species of [1] appear to be acceptable 
for the overfire region of the present turbulent 
ethylene/air flames. 

Soot Volume Fraction Distributions 

Time-averaged predictions and measurements of 
mean soot volume fractions are illustrated in Fig. 
9 as a function of r /x  for various heights above the 
burner exit. Trends with respect to position and 
Reynolds number are represented reasonably well 
by a single soot volume fraction state relationship. 

However, quantitative agreement between predic- 
tions and measurements is poorer than for the 
acetylene/air flames illustrated in Fig. 4. Because 
ethylene soot volume fractions are roughly an 
order of magnitude smaller than those of acety- 
lene, generally higher experimental uncertainties 
are probably involved in this observation. Room 
disturbances, coupled with rather large experi- 
mental uncertainties, are mainly responsible for 
the poorer agreement between measurements and 
predictions at the highest position illustrated in 
Fig. 9. 

Correlation of Soot Volume and Mixture 
Fractions 

Measurements and predictions of soot volume 
fractions and mixture fractions for the ethylene 
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Fig. 7. Gas species concentrations (ethylene/air, x / d  = 50). 
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flames are cross-plotted in Fig. 10, similar to the 
acetylene/air results pictured in Fig. 5. The near 
stoichiometric conditions of the predictions indi- 
cate greater biasing of observed time-averaged 
soot volume fractions above the state relationship 
and greater effects of flame Reynolds number and 
height above the burner on the degree of biasing, 
due to turbulence, than was observed for acetylene 
(see Fig. 5). This behavior is observed because 
maximum soot concentrations in the soot spike are 
much higher than soot concentrations in the lean 
region, and the spike is closer to the stoichiometric 
mixture fraction for ethylene than for acetylene [1, 
2]. 

Measurements for the lower Reynolds number 
flame (Fig. 10, open symbols) are similar to the 

findings for acetylene. The results fall along the 
soot volume fraction state relationships at low 
mixture fractions, where effects of turbulent fluc- 
tuations and local variations in radiative heat loss 
fractions are small. As the mixture fraction in- 
creases toward the stoichiometric mixture frac- 
tion, the measurements are biased upward from 
the state relationships, similar to the turbulence 
predictions. Disregarding the apparent correlation 
of the measurements at each height above the 
burner, as this is probably caused by their determi- 
nation from a single deconvolution, these mea- 
surements are randomly distributed. For low 
mixture fractions, the measurements agree with 
the state relationships well within experimental 
uncertainties. For high mixture fractions, data 
scatter is somewhat greater than experimental 
uncertainties, but this behavior is expected based 
on the results of the turbulent predictions because 
of the effect of height above the burner exit on the 
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Fig. 9. Soot volume fraction distributions for ethylene/air. 
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degree of biasing of the time-averaged soot vol- 
ume fractions. Thus, results for the low Reynolds 
number ethylene flame are generally supportive of 
a universal soot volume fraction state relationship 
in the overfire region. 

In contrast, results for the high Reynolds 
number ethylene flame, illustrated in Fig. 10, 
exhibit much greater scatter. This is particularly 
true for low mixture fractions, where scatter of the 
measurements exceeds the rather large range of 
estimated experimental uncertainties shown on the 
figure, even though effects of radiative heat losses 
and turbulent fluctuations are small. This behavior 
could be an indication of failure of the laminar 
flamelet concept for soot volume fractions due to 
effects of finite-rate chemistry. The high Reynolds 
number flame for ethylene has the shortest charac- 
teristic residence time of all the flames considered, 
while the findings of Becker and Liang [14] 
suggest significantly longer characteristic chemi- 
cal times needed to reach the plateau region of soot 
generation efficiencies for ethylene than for acety- 

lene. Because characteristic residence times vary 
for different paths through the flame, this would 
imply different soot volume fractions when soot 
oxidation is quenched, and different correlations 
of soot volume fractions as a function of mixture 
fraction during subsequent passive mixing of soot 
in the ovedire region. Thus, the results illustrated 
in Fig. 10 suggest potential for universal soot 
volume fraction state relationships for ethylene, 
but only at sufficiently large characteristic flame 
residence times. Additional measurements for a 
wider range of conditions, with better control of 
experimental uncertainties, will be needed for an 
adequate evaluation of the laminar flamelet con- 
cept for soot volume fractions, and the range of 
conditions where this applies must be determined. 

Soot  Generat ion Eff le ieneies  

Soot generation efficiencies were computed for the 
overfire region of the test flames. The density of 
soot for these calculations was taken to be 1100 
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TABLE 2 

Soot Generation Efficiencies ° 

Fuel 

Source Ethylene Acetylene 

Present study b,c 
all flames 0.010 (0.006) 0.11 (0.07) 
low Reynolds number 
ethylene flame 0.012 (0.006) - -  

Gore and Faeth [1, 2] b 0.012 0.21 
Newman and Steciak [15] b 0.017 
Becker and Liang [14] a 0.004 0.10 

° For diffusion flames in still air with reactants initially at 
normal temperature and pressure. 

b Estimated from soot volume fraction measurements using a 
soot density of 1100 kg/m 3, from Newman and Steciak [15]. 

c Numbers in parentheses denote standard deviations. 
a For characteristic residence times (as defined in Ref. [14]) 

greater than 180 s for ethylene and 70 s for acetylene. 

kg/m 3, which is the value recently found by 
Newman and Steciak [15] for a variety of hydro- 
carbon fuels (including ethylene) in the overfire 
region of buoyant diffusion flames. Only those 
results for which analysis showed that effects of 
biasing due to turbulent fluctuations were rela- 
tively small were used ( f  < 0.02 for acetylene 
and f < 0.01 ethylene, see Figs. 5 and 10). The 
results are summarized in Table 2. Because effects 
of finite-rate chemistry are suspected for the high 
Reynolds number ethylene flame, separate values 
are given using 1) data from both flames, and 2) 
only data from the low Reynolds number flame. In 
addition to present measurements, other results 
summarized in Table 2 include: soot generation 
efficiencies inferred from the state relationships of 
[1, 2], a value for ethylene reported by Newman 
and Steciak [15], and values for both fuels 
obtained from the measurements of Becker and 
Liang [14]. Flame conditions for the Newman and 
Steciak [15] result were not prescribed. The 
measurements from Becker and Liang [141 are for 
the plateau region at longer characteristic resi- 
dence times, where soot generation efficiencies 
were relatively independent of burner operating 
conditions. Becker and Liang [14] found soot 

concentrations by sampling, while soot concentra- 
tions were found from extinction measurements 
for the other results summarized in Table 2. 

Present measurements generally agree, within 
1SD, with the other values listed in Table 2. As 
suggested by the results illustrated in Figs. 5 and 
10, present soot generation efficiencies--consider- 
ing all the flames--are somewhat lower than the 
values found by Gore and Faeth [1, 2], while 
considering only the low Reynolds number ethyl- 
ene flame yields values just slightly higher than 
those of [1]. Soot generation efficiencies from the 
present study and [1] are 30--40% lower than the 
value reported by Newman and Steciak [15] for 
ethylene. Aside from potential differences due to 
different flame conditions, interpretation of the 
extinction measurements could be responsible for 
this discrepancy. Newman and Steciak [15] used 
Mie scattering theory and refractive indices for 
soot from Tien and Lee [3], while present results 
are for the Rayleigh scattering approximation 
using refractive indices from Dalzell and Sarofim 
[20]. The effect of the Rayleigh scattering approx- 
imation is difficult to evaluate without information 
on soot particle size distributions [12]; however, 
calculations of Santoro et al. [22] suggest 5-15 % 
reductions of present estimates of soot generation 
efficiencies if Mie scattering theory is used. In 
contrast, use of the refractive indices of Tien and 
Lee [3] would increase present estimates of soot 
volume fractions by 30-40%. In view of these 
considerations, the soot generation efficiency for 
ethylene reported by Newman and Steciak [15] is 
reasonably consistent with the results from this 
laboratory. The sampling measurements of Becker 
and Liang [14] are smaller than the optical 
measurements, particularly for ethylene, perhaps 
because of incomplete collection of soot (a fre- 
quent problem with sampling methods) or effects 
of additional uncertainties in soot densities. 

The values of the overfire soot generation 
efficiency for acetylene are quite high, comparable 
to PVC and polystyrene [15]. If the overfire soot 
density is still appropriate for fuel-rich conditions, 
the earlier laminar flame measurements [2] sug- 
gest soot generation efficieneies on the order of 
100% at the peak of the soot spike in the fuel-rich 
region. This value seems high and could be 
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influenced by the effects of differential diffusion. 3 
This near-saturation behavior, however, could 
explain why maximum soot volume fractions in 
laminar acetylene/air diffusion flames were rela- 
tively independent of height above the burner exit 
in spite of shifts in the mixture fraction where the 
peak was observed [2]. 

Present findings, and the results of others 
summarized in Table 2, suggest that soot genera- 
tion efficiencies of the luminous diffusion flames 
as a whole--and point-to-point within the overfire 
region--may be roughly constant when character- 
istic residence times are sufficiently large, i.e., in 
the plateau region observed by Becker and Liang 
[14]. This implies at least roughly universal soot 
volume fraction state relationships for the overfire 
region, which would be a very helpful property for 
radiation computations on luminous turbulent dif- 
fusion flames. In order to adequately assess the 
potential of this simplification, additional data, 
with reduced experimental uncertainties, are 
needed for a wider range of fuels, flame configu- 
rations, and operating conditions. 

CONCLUSIONS 

Scalar properties in the overfire (lean) region of 
tu/bulent ethylene and acetylene diffusion flames 
burning in air were considered both theoretically 
and experimentally. The major conclusions of the 
study are as follows: 

1. Mean concentrations of major gas species and 
mixture fractions were predicted reasonably 
well, similar to past experience, with the 
present analysis for round turbulent diffusion 
flames [1, 2, 8-11]. 

2. Consideration of both laminar and turbulent 
flames suggests nearly universal state relation- 
ships for major gas species, which closely 
approximate local thermodynamic equilibrium, 
in the overfire region of turbulent sooting 
acetylene and ethylene diffusion flames. 

3. Predictions of time-averaged soot volume frac- 

3 Mass diffusivities of soot particles are small in comparison to 
gases, which would tend to trap excess fuel carbon in the soot 
layer. 

tion distributions in the turbulent flames, using 
soot volume fraction state relationships found 
earlier [1, 2], were reasonably good in view of 
experimental uncertainties and the approxima- 
tions of the analysis to find flame structure. 

4. Direct evaluation of soot volume fraction state 
relationships for the overfire region was ham- 
pered by effects of turbulent fluctuations (near 
stoichiometric conditions) and large experi- 
mental uncertainties (for very lean conditions). 
Within these limitations, present findings sup- 
port nearly constant soot generation efficien- 
cies from point to point in the overfire region at 
sufficiently large characteristic residence 
times, and yield soot volume fraction state 
relationships similar to earlier proposals [ 1, 2]. 
However, effects of finite-rate chemistry were 
noted at shorter residence times for ethylene, 
causing spatial variations of soot generation 
efficiencies (and thus the soot volume fraction 
state relationships) in the overfire region. 

5. Present measurements of soot generation effi- 
ciencies for flames having long characteristic 
residence times were in fair agreement with 
earlier measurements based on optical meth- 
ods-once effects of Mie scattering corrections 
and different correlations for soot refractive 
indices were considered [1, 2, 15]--and with 
sampling measurements reported by Becket 
and Liang [14]. 

These findings suggest that soot volume fraction 
state relationships are potentially a useful concept 
that can help to circumvent the complexities of 
soot chemistry in turbulent flames in some in- 
stances, at least for the purpose of estimating soot 
properties for radiation predictions. This concept 
also provides a useful perspective from which to 
consider effects of finite-rate chemistry and trans- 
port on soot processes in turbulent flames. Further 
evaluation of this concept for a wider range of 
fuels and flame conditions appears to be war- 
ranted. 
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