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a b s t r a c t

The soot properties of round, non-buoyant, laminar jet diffusion flames are described, based on experi-
ments carried out in microgravity conditions during three flights of the Space Shuttle Columbia (Flights
STS-83, 94 and 107). Experimental conditions included ethylene- and propane-fueled flames burning in
still air at an ambient temperature of 298 K and ambient pressures of 35–100 kPa. Measurements
included soot volume fraction distributions using deconvolved laser extinction imaging and soot temper-
ature distributions using deconvolved multiline emission imaging. Mixture fractions were estimated
from the temperature measurements. Flow field modeling based on the work of Spalding is presented.
It is shown that most of the volume of these flames is inside the dividing streamline and thus should fol-
low residence time state relationships. Most streamlines from the fuel supply to the surroundings exhibit
nearly the same maximum soot volume fraction and maximum temperature. The present work studies
whether soot properties of these flames are universal functions of mixture fraction, i.e., whether they sat-
isfy soot state relationships. Soot state relationships were observed, i.e., soot volume fraction was found
to correlate reasonably well with estimated mixture fraction for each fuel/pressure selection. These
results support the existence of soot property state relationships in steady non-buoyant laminar diffusion
flames, and thus in a large class of practical turbulent diffusion flames through the application of the lam-
inar flamelet concept.

Published by Elsevier Inc. on behalf of The Combustion Institute.
1. Introduction

Soot reaction properties in flames represent an important un-
solved combustion problem having significant relevance to society.
For example, particulate soot emitted as a pollutant from combus-
tion processes causes more deaths than any other combustion-
generated pollutant, e.g., it is responsible for roughly 50,000
premature deaths each year in the US alone [1]. In addition, carbon
monoxide emissions that result as a direct by-product of particu-
late soot emissions are a leading cause of death in unwanted fires,
e.g., they are responsible for most of the roughly 4000 fire deaths
each year in the US alone. Furthermore, continuum radiation from
particulate soot is mainly responsible for the growth and spread of
unwanted fires. Finally, limited understanding of the complex pro-
cesses that cause particulate soot to form in the high-temperature
regions of flames is a major impediment to the development of ro-
bust methods of computational combustion needed for the
advancement of practical combustor designs. Taken together, these
observations amply motivate the study of soot processes in flames.
Inc. on behalf of The Combustion

n).
Soot processes in turbulent non-premixed (diffusion) flames are
of greatest practical interest; however, detailed transient measure-
ments of soot processes in turbulent flames are not feasible using
existing technology [2]. Prior work has shown that results for lam-
inar flames can be directly relevant to turbulent diffusion flames
through the laminar flamelet concept [3], where turbulent flames
are treated as collections of laminar flamelets [4,5]. The laminar
flamelet approach has been applied in numerous laminar and tur-
bulent flame models [6,7]. Unfortunately, buoyant laminar diffu-
sion flames have not been found to have corresponding utility for
studying soot processes. Thus, a major objective of the present
investigation is to determine whether the laminar flamelet concept
can be applied to soot properties in non-buoyant laminar diffusion
flames. Past research concerning soot properties in laminar diffu-
sion flames is only discussed briefly here; for more extensive re-
views see [8–11], and references cited therein.

The structure of steady, non-buoyant, laminar diffusion flames
is a fundamental combustion problem that has attracted signifi-
cant attention in the literature since the classical study of Burke
and Schumann [12]. This interest continues because this simple
flame configuration enables a better understanding of the com-
bined effects of convection, heat and mass transport and chemis-
try, which control flame structure and flame response to varying
Institute.
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Nomenclature

d burner inside diameter
f mixture fraction
fs soot volume fraction
g earth gravity; gray level before filtering
G gray level after filtering
Iu jet momentum
Lf luminous flame length
m fuel mass flow rate
p pressure
q0 burner volumetric flowrate
r radial coordinate
Re Reynolds number (=u0d/m)
t residence time
T temperature

u axial velocity
z height above burner

Greeks
g dimensionless volumetric flow rate
m fuel kinematic viscosity at 298 K
n dimensionless radial coordinate

Subscripts
0 burner tube condition
ch characteristic value
i index
st stoichiometric condition
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flow conditions characteristic of practical turbulent flames. The
earliest studies of this type employed ground-based (drop tower
and aircraft) microgravity facilities [13,14]. Some recent develop-
ments in the study of diffusion flames in microgravity (parabolic
flights) include the study of the sooting behavior and the soot vol-
ume fraction of planar boundary layer laminar diffusion flames, see
Legros et al. [15], and Fuentes et al. [16], and the study of the soot-
ing behavior of burning droplets [17] and spherical flames [18] in
microgravity.

The development of computationally tractable ways to simulate
the structure of soot-containing flames provides motivation for the
present investigation. The methodology considered here is de-
scribed by Bilger [19] and Lockwood and Naguib [20] through
implementation of the conserved-scalar formalism in turbulent
diffusion flames. This methodology is advanced by the observation
of Bilger [19] that gas-phase scalar properties in laminar diffusion
flames could be correlated solely as functions of mixture fraction,
even in the fuel-rich regions of flames that are affected by finite
rate fuel decomposition and soot chemistry. Bilger also proposed
that these correlations from laminar flames, called state relation-
ships, could be applied to turbulent flames, assuming that turbu-
lent flames correspond to wrinkled laminar flames. This approach
allows estimation of all scalar gas-phase properties in a turbulent
flame given knowledge of the distribution of a single conserved-
scalar property such as the mixture fraction. There are however
some limitations to the flamelet concept. Bilger et al. [21] and Bil-
ger [22] suggest that there is a range of validity for the flamelet
models, not yet clearly specified, for which the model should not
be applied. This involves flames with large variation in scalar dis-
sipation and when the advection term in the transport equation
is important. Fortunately, there are emerging models that extend
and modify the flamelet model for these particular cases [23–27].

Two global flame properties of turbulent diffusion flames, de-
scribed below, have been reported that provide evidence that these
flames might satisfy universal state relationships for soot proper-
ties. Soot-containing, buoyant, turbulent flames exhibit constant
yields of combustion products per unit mass of fuel burned for a
given fuel, independent of fire size [28,29]. In addition, the soot
emitted from these flames exhibits the same morphology regard-
less of where the soot is emitted from the flame [29,30]. These
properties suggest that soot state relationships might exist in these
flames.

The laminar flamelet concept simplifies analyses of the scalar
structure of turbulent diffusion flames. It has been effective for
predicting the structure and radiation properties of buoyant turbu-
lent diffusion flames that have negligible continuum radiation
from soot [4,31–39]. When chemistry is sufficiently fast, scalar
properties are only functions of the degree of mixing between
the fuel and oxidizer owing to the approximate equality of mass
and heat diffusivities in flames. State relationships can be mea-
sured in steady laminar jet diffusion flames, allowing properties
to be predicted in unsteady reacting systems (for which detailed
computations generally are impossible). Successful correlations
of flame scalars including soot have been obtained from temporally
averaged measurements in turbulent flames [48], and these are
useful for predicting temporally averaged behavior but not for pre-
dicting instantaneous properties.

A state relationship combustion model was combined with two
different soot models by Zimberg et al. [40] to study coupled tur-
bulence, soot chemistry, and radiation interactions. One soot mod-
el was a soot state relationship and the other used finite rate soot
kinetics. The soot state relationship model reduced computation
time significantly and was successful at reproducing many of the
features of the flame structure, although it did not fully capture
some details seen with finite rate chemistry. Pitsch et al. [41]
had good success predicting soot properties of a turbulent gas jet
using a hybrid model, which combined a simplified soot model
with a flamelet model to predict the gas-phase species. Aksit and
Moss [42] reported success modeling a turbulent jet with a hybrid
model for sooting hydrocarbon combustion that combined a two-
step soot model with the flamelet approximation for the remaining
scalars. A simplified model for soot formation and oxidation in a
computational fluid dynamics (CFD) simulation of non-premixed
hydrocarbon flames was developed by Lautenberger et al. [10]. Lig-
nell et al. [2] and Yoo and Im [43] predicted flame properties,
including soot concentrations, using direct numerical simulation
(DNS) in a 2D configuration using simplified kinetics for both the
overall fuel chemistry and for the soot processes. These works
show considerable promise in predicting soot concentrations in
flames through simplified kinetics or flamelet models, nevertheless
there remain opportunities for the use of state relationships.

Given the promising results seen for the laminar flamelet con-
cept when applied to predicting species concentrations in soot-
containing laminar diffusion flames, attempts were made to apply
this concept to the structure and radiation properties of soot-con-
taining buoyant turbulent diffusion flames involving acetylene and
ethylene burning in air at atmospheric pressure [5,45–47]. Owing
to measurement limitations, these experiments either studied lam-
inar flames or used temporally averaged soot volume fraction and
temperature or mixture fraction measurements in turbulent
flames. Success was seen in the temporally averaged turbulent cor-
relations at locations away from the burner and in effectively pre-
dicting average parameters such as soot concentration or radiation.
However, the laminar results also showed significant effects of the
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intrusion of buoyancy, which produced differences in the correla-
tion of soot concentration with mixture fraction at different axial
locations [44]. More recently, D’Anna et al. [48] revisited the work
of Kent and Honnery [47] and examined the correlation of soot vol-
ume fraction with mixture fraction in turbulent ethylene flames
using soot concentrations from time-averaged laser-induced-
incandescence measurements and mixture fractions from time-
averaged predictions. As in the prior work [47] residence time ef-
fects were seen but the use of time-averaged measurements in tur-
bulent flames remains a concern.

In turbulent flames, local effects of buoyancy are small in com-
parison with viscous effects. This is because in the Kolmogorov
scale, the Reynolds number is always one, whereas the Grashof
number is to the third power of the Kolmogorov scale. Thus the
Grashof number diminishes quickly when the Kolmogorov scale
gets smaller, i.e., the flame gets more turbulent. For instance, for
a turbulent flame with an integral length scale of 0.25 m, typical
for a flame issued from a single jet, locally the Grashof number is
only one tenth of the Reynolds number when the integral Reynolds
number is greater than 2300. On the other hand, because soot par-
ticles do not diffuse significantly, they are mainly convected by
flow in laminar diffusion flames, causing different behavior in lam-
inar non-buoyant and buoyant flames. This is the main cause for
the failure to find soot property state relationships in buoyant lam-
inar flames [5,46,49]. In buoyant flames the dividing streamline,
which originates from the edge of the burner, remains close to
the axis. As a result, soot particles that form near the flame sheet
will pass through the fuel-rich region of the flame and then pass
back through the flame sheet near its tip. In contrast, in non-buoy-
ant flames the dividing streamline diverges from the axis and
bounds a large fraction of the flame volume such that most soot
particles form near the cool core of the flame and are drawn di-
rectly toward and through the flame sheet. Despite the conve-
nience of studying steady laminar flames, given these differences,
establishment of universal state relationships for buoyant laminar
flames is improbable, and the hypotheses of this work are that soot
state relationships exist for non-buoyant, laminar, jet diffusion
flames [50–52] and that these can be applied in turbulent flame
computations, providing better correlations than temporally aver-
aged correlations. Ground-based efforts to study reduced-buoy-
ancy flames were unable to provide the gravitational
environment and residence time needed for these studies [49,53–
55]. Although it is expected that state relationship models will
not cover the intricacies of all of the turbulent flamelet structure
(e.g., at regions of high curvature), if these models predict the soot
properties in a large portion of the flame envelope, the approach
will be a useful predictor of soot properties in practical turbulent
flames.

1.1. Objectives

Experiments were carried out with non-buoyant round laminar
jet diffusion flames at long-term microgravity conditions on board
the Space Shuttle Columbia (Flights STS-83 and 94). Unfortunately,
most of the flames considered during these experiments had large
characteristic residence times that resulted in significant radiant
heat losses and rendered them not useful for state-relationship
studies. For these flames, radiative heat losses tend to have the
largest influence near the flame tip, where convective velocities
and rates of reaction become small, resulting in a tip-opening phe-
nomenon that is not typical of laminar flamelets encountered in
practical turbulent diffusion flames [49]. Radiative heat losses
and tip-opening phenomena are not typical of conditions consid-
ered during development of the simplified flame structure analysis
of Spalding [56], whereas tip opening with unburned fuel passing
out of the flame along its axis clearly involves loss of universal
state relationships.

In view of these results, additional observations of soot-contain-
ing, steady, non-buoyant laminar jet diffusion flames were under-
taken in microgravity on Space Shuttle Columbia during Flight STS-
107, with the following specific objectives:

1. Derive an expression for the location of the dividing streamline,
the streamline that originates from the edge of the burner, from
the modified Spalding streamlines [56] for non-buoyant flames.

2. Derive a state relationship for residence time along the center-
line of non-buoyant gas jet flames.

3. Measure soot temperatures, soot volume fractions, and flame
shapes for various fuels, fuel flow rates, burner diameters and
pressures in still air environments, considering quasi-steady
non-buoyant laminar jet diffusion flames with small radiative
heat losses.

4. Exploit the measurements to determine whether soot property
state relationships exist within non-buoyant and nearly adia-
batic, steady, laminar diffusion flames, which would demon-
strate that these flames are the proper paradigm for soot
processes in practical turbulent diffusion flames.

2. Experimental methods

2.1. Test conditions

Test conditions for seven of the flames observed on Space Shut-
tle Columbia Flights STS-83, STS-94 and STS-107 are summarized
in Table 1. Details of the experimental design are in Urban et al.
[49] and the operating conditions are discussed in detail in Aalburg
et al. [57]. Complete descriptions of the information obtained from
these experiments, along with a summary of the background and
motivation for carrying out long term experiments at microgravity
using the orbiting Space Shuttle Columbia, can be found in [49,57–
61]. The flame lengths and the sooting conditions were determined
from the luminous images in the video recordings; all of the other
table entries were preset operating conditions. The Reynolds num-
ber was computed based upon the conditions at the burner exit.
The flames were stabilized at the exit of a round nozzle located
along the axis of a windowed, cylindrical chamber. The chamber
had a diameter of 400 mm; a maximum length of 740 mm; an
internal volume of 0.082 m3; and was operated at pressures of
35–130 kPa. Prior to each test, the chamber was vented to space
and then filled with oxygen/nitrogen mixtures to provide the nom-
inal composition of dry air (21 ± 1% oxygen by volume). Owing to
the sealed chamber, the pressure, temperature and composition
of the gas surrounding the test flames all varied gradually during
the flame lifetime. The greatest change involved the composition
of the gas within the chamber; however, test conditions were con-
trolled so that the maximum oxygen consumption generally did
not reduce the oxygen mole fraction by more than 0.02 during each
experiment. Over the test series reported here, the two different
fuel nozzles that were used were constant-diameter, cylindrical,
stainless-steel tubes, having inside diameters of 0.80 and
1.60 mm and lengths of 148 mm from the inlet plenum. The inlets
of the nozzles had flow straighteners to prevent swirl, and the
overall length-to-diameter ratios of the passages were greater than
55:1, which was sufficient to yield fully developed laminar pipe
flow at the nozzle exit. The test fuels were stored in cylinders
and were delivered to the nozzles through a solenoid valve, a
mass-flow-rate controller and a flow-limiting orifice. The flames
were ignited by a hot wire coil that was retracted from the nozzle
exit after ignition. The first set of experiments were conducted on



Table 1
Summary of the test flames.a

Testb Fuel Sooting conditionc d (mm) p (kPa) m (mg/s) u0 (m/s) Re Lf (mm) Timed (s)

41E107 C2H4 SC 0.8 100 0.65 1.12 98 17.1 254
17E94 C2H4 SP 1.6 35 1.34 1.69 100 34.0 66
02E94 C2H4 SC 1.6 50 0.76 0.67 57 17.7 32
03E94 C2H4 SP 1.6 50 1.29 1.14 97 36.5 91
03E83e C2H4 SE 1.6 50 1.84 1.63 138 63.0 91
46P107 C3H8 SC 0.8 99 0.53 0.59 100 15.8 254
08P107 C4H8 SE 0.8 100 1.21 1.33 229 32.1 223

a Many entries here are reproduced from Aalburg et al. [57].
b E is ethylene, P is propane, and numbers 83, 94, and 107 denote missions STS-83, STS-94, and STS-107.
c All flames had closed tips. SC is soot containing, SE is soot emitting, and SP is smoke point.
d Time is defined as the elapsed time between ignition and image acquisition for soot volume fraction and temperature.
e Note that this flame’s identifier was 02E in Urban et al. [49].
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STS-83 and 94 in 1997 using the larger nozzle. As described by Ur-
ban et al. [49], these flames exhibited substantial radiative cooling
due to the long residence time characteristic of these nozzles. This
cooling led to tip-opening and sooting behavior not consistent with
the laminar flamelet concept. The experiments conducted on STS-
107 employed the smaller nozzle sizes to produce lower residence
time flames that could be expected to produce state-relationship
behavior. However, during the mission, communication difficulties
with the orbiter prevented the down-linking of the data from
approximately half the tests and the tragic loss of the orbiter and
crew destroyed the stored records for the soot diagnostics.

Although the three flight missions included more flames than
are presented in Table 1 [57], the tests that were suitable for
state-relationship analysis were limited to those presented in Ta-
ble 1. The other flames were not used for reasons including: exces-
sive residence time and consequent radiative cooling; soot
concentrations below the sensitivity threshold of the laser extinc-
tion system; and loss of the soot data due to the loss of the
spacecraft.

2.2. Instrumentation

Flame operation was monitored by making the following mea-
surements: fuel flow rate with an accuracy of 0.8% of reading; fuel
temperatures at the nozzle inlet with an accuracy of ±1.5 �C; cham-
ber pressures with an accuracy of 1.2% of reading; and chamber gas
temperatures (far from the flames) with an accuracy of ±1 �C. These
measurements were recorded at a frequency of 1 Hz. Soot-lumi-
nosity boundaries and flame-sheet locations were measured from
images obtained using color charge-coupled device (CCD) video
cameras (Hitachi Model KP-0553 during flights STS-83 and STS-
94, and Panasonic Model WV-CD612 during flight STS-107). The
cameras had a 125 � 164 mm field of view and a depth of field of
25 mm centered on the flame axis. The spatial resolution of re-
corded images was better than 0.3 mm. Color flame images were
recorded at 30 images/s. Measured luminous flame lengths and
diameters have estimated experimental uncertainties (95% confi-
dence) that are less than 10%; the major component in the error
is attributed to the effect of the camera gain setting.

The imaging methods developed by Greenberg and Ku [62]
were used to produce laser extinction images for chord-like paths
through the flames. These images were deconvolved to obtain soot
volume fraction distributions. The laser source was a laser-diode
yielding 1 mW of optical power at 634 nm coupled through an
optical fiber. The expanding laser beam from the fiber tip then
passed through a custom apodizing filter (to reduce intensity vari-
ations) and then was collimated by an off-axis parabola and direc-
ted by a rectangular turning mirror, producing a 38 � 80 mm beam
that passed through the flame and the region above the flame. In
the flame region, the variation of background laser intensity is less
than 40% for STS-83 and 94 and 60% for STS-107. The signal trans-
mitted though the flame was collected by a decollimator equipped
with a laser line filter (1–2 nm full-width-half-max, FWHM) and a
3.8 mm diameter spatial filter before being received by a CCD video
camera (Panasonic GP-MF552). The output of the camera was con-
verted to digital images by a video digitizer. The camera was ori-
ented to provide 377 pixels over the 80 mm field of view along
the flame axis and 227 pixels over 38 mm in the radial direction.
The laser was adjusted to bring the intensity maximum in the field
of view just below saturation of the CCD camera to allow optimum
use of the 8-bit digitizer sensitivity. Spatial resolution of the imag-
ing system was better than 0.3 mm. Background measurements of
the laser beam intensity distribution were made with no flame
present before and after each run. The extinction measurements
were analyzed assuming Rayleigh scattering from primary soot
particles with refractive indices from Dalzell and Sarofim [63].

Soot temperature distributions were obtained by two-color
pyrometry via deconvolution of radiation intensities for chord-like
paths through the flames. The procedure involved considering the
650/850 nm line pair. The flame images were observed using two
CCD cameras (Panasonic GP-MF552) with appropriate interference
(10 nm FWHM band pass) filters in addition to neutral density fil-
ters (to control overall signal levels) in the optical path. Two digi-
tizers were used to convert the outputs of the two cameras to
digital images. Two cameras were mounted side-by-side and were
oriented to provide 225 pixels over the 80 mm field of view along
the flame axis and 77 pixels over the 20 mm wide region that in-
cludes the soot-containing region. The integration time of the cam-
eras was controlled to enable optimal use of the CCD detectors. The
spatial resolution was better than 0.4 mm. Camera response at the
two wavelengths was calibrated with a blackbody source. The
measurements were analyzed assuming Rayleigh scattering from
the soot particles similar to the extinction measurements.

The flame images obtained, either from laser extinction for soot
volume fraction measurements or from flame emission for soot
temperature measurements, are projections onto the 2D imaging
plane. Since these flames are axisymmetric, the deconvolution is
carried out by Abel transform. To reduce the effects of spatial noise
in flame images, data filtering was performed and incorporated
with the deconvolution process. The data filtering includes two
steps. The filtered grey level of a specific radial profile is obtained
by averaging five neighboring radial profiles. Then in the radial
direction, the gray level at a specific pixel on a radial profile is re-
placed by the linear combination of the grey level on five neighbor-
ing pixels. The following equation shows the weighing coefficients
used in the radial filtering.

Gi ¼ 0:125ðgi�2 þ giþ2Þ þ 0:25ðgi�1 þ gi þ giþ1Þ; ð1Þ

where Gi and gi are the gray levels at the i-th pixel after and before
filtering, respectively.
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In the radial direction, the data filtering was incorporated in the
Abel transform according to the Filtered Abel Transform of Yuan
[64]. This method first computes an integral kernel based on the
desired filtering function and then convolves the kernel with radial
profiles of the flame image to obtain the spatial distribution of
flame properties.

Experimental uncertainties for the soot volume fraction mea-
surements arise mostly from spatial noise in the laser images. In
the flame regions, the noise is less than 10% of the average value
of image gray levels. The errors from other sources, such as image
digitization and round-off errors of data manipulation, etc., are or-
ders of magnitude smaller, thus the estimated uncertainties of the
soot volume fraction measurements are 10%. The images associ-
ated with the soot temperature measurements are less noisy owing
to simpler optics. Assuming all individual error sources are inde-
pendent, i.e., they are orthogonal in a vector space, the combined
uncertainties are estimated to be ±50 K, which is typical for two-
line pyrometers. This corresponds to less than 4% error in Kelvin
scale. Uncertainties of the mixture fractions are derived from those
of temperature measurement. If the mixture fraction is assumed to
be proportional to temperature as the Zel’dovich formulation does,
the uncertainties of the mixture fractions would be less than 4%.
But in practical flames radiation heat loss and finite kinetics affect
the correlation between the mixture fraction and flame tempera-
ture. Taking these effects into account, the uncertainties of the
mixture fractions are estimated to be less than 10%. The soot vol-
ume fractions and soot temperatures, from which mixture frac-
tions were derived, were independently measured. Thus the
uncertainty of the correlation between the soot volume fraction
and mixture fraction is the vectorial sum of the two uncertainties,
i.e., 14.1%.
3. Analytical

The development of Spalding [56] is extended here to estimate
streamline locations and residence times in the present flames. The
results of this analysis help explain why soot state relationships
can be expected in microgravity (but not normal gravity) gas–jet
flames. Although similar results could be obtained with a compu-
tational reacting flow code, the present solution yields concise
scaling laws governing streamline locations and residence times
of microgravity gas–jet flames.

In the Spalding solution [56], the velocity component in the ax-
ial direction is

u ¼ 3
4

Iu

z
1þ n2

4

 !�2

; ð2Þ

where

n � 3
8

Iu

m

� �0:5 r
z

ð3Þ

and

Iu ¼ u2
0d2

=ð8mÞ; ð4Þ

with u0, d and m being the velocity at the nozzle, the nozzle diameter
and the kinematic viscosity of the fuel, respectively.

Streamline equations can be obtained by considering the volu-
metric flow rate bounded by the streamtube passing through the
point (r,z):

gq0 ¼
Z rðzÞ

0
2prudr; ð5Þ

where g is a dimensionless parameter that equals the volumetric
flow rate bounded by the streamtube divided by the total volumet-
ric flow rate issued from the burner. Note that g = 1 corresponds to
the dividing streamtube, and values of g less than and greater than
unity define internal and external streamlines, respectively. Stream-
line equations are thus obtained by solving for r(z) in Eq. (5) at var-
ious z locations for a fixed value of g. By inserting the axial
velocities of Eq. (2) into Eq. (5) and carrying out the integration,
the following equation for streamline radius as a function of z and
g is obtained:

rðzÞ
d
¼ 3Re

8
d
z

1
g
� Re

32
d
z

� �� ��0:5

; ð6Þ

where Re is the Reynolds number at the burner exit.
In actual flames, all internal streamlines originate within the

burner tube. However, the Spalding solution is not valid for small
z [56]. As a result, the internal streamlines described by Eq. (6)
do not originate within the burner, instead, each streamline starts
as a pure radial inflow, from a far field point with infinite r and a
minimum z (z = gRed/32). To overcome this problem, Eq. (6) is
modified here for small z by blending its behavior at large z with
expected behavior at the burner exit plane. For large z, i.e.,
z� gRed/32, Eq. (6) can be approximated as

rðzÞ
d
¼ 8g

3Re
z
d

� �0:5

: ð7Þ

Eq. (7) yields finite values of r(z) for any z P 0, but it indicates a zero
streamline radius for all the streamlines at the burner exit plane,
where z = 0. To correct this, the ratio z/d in Eq. (7) is incremented
by a small constant, 3Re/32, thus yielding the following streamline
equation:

rðzÞ
d
¼ g0:5 8

3Re
z
d
þ 0:25

� �0:5

: ð8Þ

This blended streamline equation yields a much better match of ex-
pected streamline behavior in the region near the nozzle and it
matches the streamlines described by Eq. (6) in the limit of large z.

This streamline analysis assumes flow of an isothermal mono-
component gas. Applying Eq. (8) to gas–jet flames requires a few
assumptions, as follows. First, a characteristic species and a charac-
teristic temperature, Tch, are selected. The characteristic species se-
lected here is N2. The Tch is selected as 1334 K, which is the mean of
the ambient and adiabatic flame temperatures for ethylene/air. The
associated characteristic kinematic viscosity is mch. Thermal expan-
sion is accommodated by considering a larger burner, with diame-
ter dch, such that the burner mass flow rate and velocity (and thus
momentum) match those of ethylene at 298 K for the actual flame.
The resulting characteristic diameter and Reynolds number, dch,
and Rech, are

dch ¼ dðTch=298 KÞ0:5; Rech ¼ ReðTch=298 KÞ0:5m=mch; ð9Þ

where Re is the actual Reynolds number (see Table 1), and is based
on d, the actual burner diameter, and m, the fuel viscosity at 298 K.
Eq. (8) thus leads to the final equation for the dividing streamline,
as follows:

rðzÞ
d
¼ 8

3Rech

z
dch
þ 0:25

� �0:5

: ð10Þ
4. Results and discussion

Given the acceptable predictions of the extended Spalding [56]
model of the shapes of non-buoyant round laminar jet diffusion
flames [57], the above streamline predictions of this model were
considered. Fig. 1 shows the luminous boundary for flame 03E94
in Table 1. Also shown is the predicted dividing streamline for this
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flame, from Eq. (10). Fig. 1 indicates that the dividing streamline
bounds a large fraction of the soot containing region. In the corre-
sponding normal gravity flame, the dividing streamline is expected
to bound a much smaller fraction of the soot region. Velocity mea-
surements in microgravity gas jet flames are not available, but past
numerical predictions support these distinctions between dividing
streamline behavior in flames in microgravity [65,66] and in nor-
mal gravity [65,67].

The unique structure of non-buoyant flames provides a large re-
gion where the mixture fraction to residence time relationship
shows little variation. Given fast reactions this facilitates state rela-
tionships. Internal streamlines pass through the flame sheet once
and encounter continuously decreasing mixture fractions. Fig. 2
shows a hypothesized state relationship for residence time in a
non-buoyant gas jet flame. The equation and curve shown for the
centerline residence time come from the integration of the velocity
solution of Spalding [56]. Also shown is the estimated residence
time of the dividing streamline of Fig. 1. All internal streamlines
are bounded by these two curves. As Fig. 2 illustrates, all the inter-
nal streamlines have nearly identical variations of mixture fraction
as a function of time after leaving the burner exit. This behavior oc-
curs because flows near the burner axis move at the largest veloc-
ities but must travel the largest distances to reach a given mixture
fraction, whereas flows near the dividing streamline move at the
smallest velocities but also travel the smallest distances to reach
the flame. This result is independent of the initial burner exit
velocity because varying the exit velocity proportionally increases
or decreases the distances traveled to reach a particular mixture
fraction.

The residence time of a sample external streamline is also
shown in Fig. 2. External streamlines are normalized here to zero
time at their first flame crossing point. These streamlines pass
twice through the flame sheet, encountering a non-monotonic var-
iation of mixture fraction. Each external streamline has a different
relationship between time and mixture fraction, which would not
be expected to yield a universal state relationship.

Recalling that scalar gaseous properties in soot-containing lam-
inar jet diffusion flames satisfy state relationships (including tem-
peratures) as long as characteristic flame residence times are short
enough so that radiant heat losses are small [4,5], this behavior im-
plies that the reactive environment of soot particles along all paths
through the flame are identical functions of time for given initial
flame reactant compositions, temperatures and pressures. As a re-
sult, the question addressed by these experiments was whether,
despite slow soot reaction and diffusion rates, non-buoyant lami-
nar diffusion flames exhibit universal soot properties as a function
of mixture fraction, for given initial flame reactant compositions,
temperatures, and pressure, as required for the presence of soot
property state relationships.

Radiation intensity images and laser extinction images, ob-
tained at quasi-steady periods when no adjustment to the flame
conditions were done by the Space Shuttle crew and, for times re-
ported in Table 1, are shown in Fig. 3. The radiation intensity
images came from the black and white video cameras that were fit-
ted with 10 nm band pass filters at 650 and 850 nm. Only the
650 nm images are shown since the 850 nm images look very sim-
ilar. Notable in the images is that all of the flames except 03E83
and 08P107 are closed tip while the 03E83 and 08P107 show no
luminosity at the flame tip, suggesting local extinction. Also shown
are enhanced-contrast images for the laser extinction system. The
raw images show a black shadow of the soot on a light background,
however the soot can be hard to discern in printed images. To im-
prove the visibility, the background reference images were sub-
tracted from each image and the contrast of the resultant image
was enhanced with soot containing regions appearing white.
Clearly evident is the soot escaping from the open tip flames
(03E83 and 08P107).

Measurements of the soot temperatures and soot volume frac-
tions of the seven flames of Table 1 are shown in Figs. 4 to 6. These
figures present radial distributions at selected axial distances from
the nozzle exit. Measurements are available only where soot tem-
peratures and soot volume fractions are sufficiently high and gen-
erally are not reported near the flame centerline, where
deconvolution errors lead to large uncertainties. Overall the data
follow expected trends. In Fig. 4, the lower pressure 17E94



Fig. 3. Assembled soot emission images (top) with soot volume fraction images via laser extinction images (bottom) for each of the flames deconvolved in this paper. The
images correspond vertically for each flame and were taken at the times indicated in Table 1. The soot emission images were taken with a 650 nm filter and the soot volume
fraction images were taken using a laser line filter. The laser background (no flame present) was subtracted from each image and each image was separately contrast
enhanced with soot containing regions appearing white. The ripple and interference patterns in the laser extinction images are a result of the coherent light source.

Fig. 4. Soot temperature and soot volume fraction distributions for ethylene flames at different pressures and nozzle diameters. 41E107 (d = 0.8 mm, 100 kPa, Lf = 17 mm),
17E94 (d = 1.6 mm, 35 kPa, Lf = 34.0 mm). Both sides of the flames were averaged together, however symmetric sides are shown for visibility.
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(0.35 kPa) has much lower soot concentrations than the smaller
41E107 (100 kPa). In this case the pressure reduction over-
whelmed the effect of the reduced velocities caused by the larger
fuel jet for 17E94. Comparison of 17E94 (35 kPa – Fig. 4) with
03E94 (50 kPa – Fig. 5) shows an increase in soot concentrations
and a reduction in temperature, as pressure is increased, for other-
wise similar conditions (1.6 mm nozzle) and nearly equivalent
mass flow rates. The increase in soot concentration is supported
by the appearance of the flame tip of 03E94 (Fig. 3) which is just
above the smoke point. This increased soot concentration with
lower temperatures is consistent with both the increased residence
time and kinetic effects of increased pressure. Fig. 5 show the pro-
gression of soot concentrations and temperatures as the fuel flow
rate is increased at 0.5 kPa for the 1.6 mm nozzle, ranging from
well below the smoke point (02E94), through just at the smoke
point (03E94) to well above the smoke point (03E83). Notably as
the soot concentrations rise by a factor of over 5 while the peak
temperatures in the lower portion of the flame remain fairly



Fig. 5. Soot temperature and soot volume fraction distributions for ethylene flames with d = 1.6 mm at 50 kPa: 02E94 (Lf = 17.7 mm), 03E94 (Lf = 36.5 mm), and 03E83
(L = 63.0). 02E94 is below the smoke point, 03E94 is just at the smoke point, and 03E83 is well above the smoke point. Both sides of the flames were averaged together,
however symmetric sides are shown for visibility.

Fig. 6. Soot temperature and soot volume fraction distributions for propane flames with d = 0.8 mm at 99 to 100 kPa: 46P107 (99 kPa, Lf = 15.8 mm), and 08P107 (100 kPa,
Lf = 32.1 mm). 46P107 is well below the smoke point and 08P107 is substantially above the smoke point (Fig. 3). Both sides of the flames were averaged together, however
symmetric sides are shown for visibility.
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constant, the temperature at the flame tip drops from 1700 to
1400 K. Similar behavior is seen for propane in Fig. 6 where, as
the flame crosses the smoke point, the soot concentrations rise
while the tip temperature drops.

Radial profiles of both soot temperature and soot volume frac-
tion have peaks off-centerline at small axial distances. At larger
distances these peaks generally converge to the centerline (e.g.,
flame 41E107 in Fig. 4), although soot peaks do not converge for
flames that emit soot (e.g., flame 03E83 in Fig. 5). The peak temper-
atures of the flames typically decrease with increasing axial dis-
tance from the nozzle exit. This is attributed to radiative heat
losses except at the largest axial distances, where all stations are
on the oxidizer side of the flame sheet where cessation of heat re-
lease contributes with the radiative loss in cooling the gases (e.g.,
the z = 15 mm profile of flame 46P107 in Fig. 6).

The measurements of Figs. 4 to 6 suggest the existence of soot
state relationships for some regions of these flames. The general
behavior of the soot volume fraction measurements (see flame
03E83 in Fig. 5) is that peak soot volume fraction initially increases
with height, then reaches a plateau, and finally decreases at axial
distances beyond the stoichiometric flame tip. The plateau region
is evident for all the flames in Figs. 4 to 6 and strongly suggests
the existence of soot state relationships. Such state relationships
are not expected at small axial distances, where external stream-
lines passing through the flame sheet (see discussion in connection
with Figs. 1 and 2), heat losses to the burner, air leakage through the
flame base, and limited residence time combine to limit soot vol-
ume fraction. The majority of streamlines originating from the bur-
ner pass through the plateau region and exhibit nearly the same
maximum soot concentration, which follows if the reaction envi-
ronment is the same function of time for all interior streamlines.

This behavior is demonstrated in Fig. 7, which shows the max-
imum soot volume fraction and the maximum temperature at each
axial location in Figs. 4 to 6 for the present flames. These maximum
values are normalized by the highest value observed in each flame
and are plotted as functions of normalized axial location. The slow
decrease of normalized peak temperature with increasing axial dis-
tance, evident in Fig. 7, is attributed to radiative heat losses. The
outlying profile was for the strongly soot emitting 03E83 where
radiative cooling dominated heat release. The normalized soot vol-
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Fig. 7. Peak soot volume fraction and temperature normalized by the correspond-
ing maximum value observed within each flame as a function of streamwise
distance normalized by the luminous flame length.
ume fraction increases quickly near the nozzle, reaches a plateau
and then decreases again near the luminous flame tip. In the cen-
tral portion of the flame (away from the burner influenced region
and away from the soot oxidation region in the flame tip) the soot
volume fraction and soot temperature levels are uniform. Given
the aforementioned uniformity of residence time and mixture frac-
tion for internal streamlines, these findings are expected and they
support the existence of soot state relationships in these flames.

The present measurements allow soot state relationships – cor-
relations between mixture fraction and soot volume fraction – to
be considered in regions where both soot temperature and soot
volume fraction were measured. To avoid complications associated
with partial premixing, only attached flames are considered here.
Mixture fractions were not measured directly but instead were
estimated from measured temperatures as follows. Temperatures
were linearly interpolated at the locations of measured soot vol-
ume fractions and temperatures. Locations were considered to be
on the fuel/oxidizer side of the flame if they were inside/outside
the contour of peak temperature. A peak temperature was identi-
fied at each height in each flame and was assumed to correspond
to stoichiometric conditions. For profiles with no peak temperature
(e.g., 02E94, z = 14 mm) the peak (stoichiometric) temperature was
assumed to be that of the next lower temperature profile with a
peak temperature. Mixture fractions were then estimated, assum-
ing linear relationships between temperature and mixture fraction
at each height and on both sides of the flame, ranging from stoichi-
ometric conditions at the peak temperature to either the ambient
conditions for the lean side or the nozzle conditions for the rich
side. Such linearity is predicted by Burke and Schumann [12] and
by activation-energy asymptotics [3].

Soot state relationships were examined for each fuel/pressure
combination among the attached flames of Table 1. The results
are shown in Fig. 8 for ethylene and Fig. 9 for propane. Log scales
were used for the y axes of Figs. 8 and 9 to resolve the data on
the lean side of the flames, where soot volume fraction varies by
up to two orders of magnitude. Data from small heights were ex-
cluded here owing to effects of external streamlines, partial pre-
mixing and burner tube heat loss.

Figs. 8 and 9 reveal peak soot volume fractions at or near the
flame sheet, a steep decline on the oxidizer side, and a relatively
constant region on the fuel side. These relationships do not extend
to very lean regions, where soot volume fractions were too low to
measure, or to very rich regions, where temperatures were too low
to measure. These relationships can be used to predict soot concen-
tration for a given mixture fraction in a suitable flame, although
this may present difficulties in lean regions owing to steepness
in the correlations.

The correlation of the data in Figs. 8 and 9 is better than past soot
state relationships in buoyant diffusion flames [5,44,45]. The data
fit of Gore and Faeth [45] is shown for laminar ethylene flames at
100 kPa. It agrees with the peak soot volume fraction and the steep
decline toward the oxidizer, but is shifted toward the rich side.

Soot state relationships are not widely accepted for turbulent
non-premixed flames. This is because soot production can be
highly sensitive to the scalar dissipation rate. (Compositions of
lighter species are less sensitive to the scalar dissipation rate and
thus are more likely to follow state relationships in turbulent
flames.) Many turbulent flames have widely varying scalar dissipa-
tion rates, possibly varying between the limits of kinetic and radi-
ative extinction. The present flames contain a moderate range of
scalar dissipation rates, and yield reasonable soot state relation-
ships. This suggests that turbulent flames for which most of the
reaction occurs in regions with limited ranges of scalar dissipation
rates should obey the soot state relationships found here. Imple-
mentation of soot state relationships would have the potential of
substantial computational cost savings for combustion modeling.
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5. Conclusions

Experimental observations of non-buoyant round laminar jet
diffusion flames were made for the following test conditions: eth-
ylene and propane burning in still air; ambient temperature of
298 K; ambient pressures of 35–100 kPa; jet exit diameters of
0.8–1.6 mm; jet exit Reynolds numbers of 57–229; luminous flame
length to burner diameter ratios of 11–125; and luminous flame
lengths of 16–63 mm. These observations have yielded the follow-
ing major conclusions:

1. For the present non-buoyant flames the majority of the flame
volume is inside the dividing streamlines. In these regions,
the analysis of streamlines based on an extension of Spalding’s
model suggests the existence of a state relationship for time,
and consequently suggests a state relationship also exists for
soot.

2. Maximum soot volume fractions and flame temperatures were
similar for all paths from the burner exit through the flame
sheet for closed-tip flames having small radiative heat losses.
This is a necessary condition for the existence of soot property
state relationships for steady non-buoyant laminar diffusion
flames, and thus in practical turbulent diffusion flames through
the application of the laminar flamelet concept.

3. In regions not affected by heat loss to the burner and excluding
the flame tip, peak soot volume fraction and soot temperature
did not vary strongly with axial distance. This result further
supports the assertion that state-relationship behavior is possi-
ble for soot in non-buoyant flames.

4. Reasonable soot state relationships were found for ethylene
flames at 35, 50 and 100 kPa and for propane flames at
100 kPa. The present relationships had peak soot volume frac-
tions at or near the flame sheet, a steep decline on the oxidizer
side, and a relatively constant region on the fuel side. The cor-
relations have less scatter than past soot state relationships
for buoyant flames.

Most practical turbulent diffusion flames are non-buoyant on a
local basis, although flame motion in large scale is affected by
buoyancy; therefore, universal soot property state relationships
should be observed for a relatively large class of practical soot-con-
taining turbulent diffusion flames.
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