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Flame shapes were measured for buoyant and nonbuoyant laminar gas jet diffusion flames burning, methane,
ethane, and propane in quiescent air. Test conditions involved burner diameters of 0.19-5.5 mm, ambient
pressures of 0.25-2 atm, and fuel flowrates of 0.04—4.6 mg/s. Care was taken to minimize interference from soot
emissions and from ignition disturbances. Microgravity conditions were obtained in the 2.2-s drop tower at the
NASA Lewis Research Center. Normalized lengths of both buoyant and nonbuoyant flames were proportional
to source Reynolds number, but the nonbuoyant flames were 40% longer on average. Normalized widths of the
nonbuoyant flames were constant for Re = 100, whereas buoyant flame widths scaled with source Froude
number. Several nonbuoyant flame models are evaluated with the present shape data. © 1998 by The

Combustion Institute

NOMENCLATURE

D mass diffusivity
d  burner inside diameter
Fr  source Froude number: Fr = u®/gd
g acceleration of gravity
L stoichiometric or luminous flame length
m  fuel mass flowrate
p  ambient pressure
Re source Reynolds number:
Re = pud/pn = 4m/mpd
St source Stokes number: St = Fr/Re
T  temperature
t time after ignition
t.,, characteristic time
u  area-averaged fuel source velocity:
u = 4 m/mwpd?
w  maximum stoichiometric or luminous
flame width
z axial distance
source fuel dynamic viscosity at 298 K
source fuel density at p and 298 K
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INTRODUCTION

Laminar gas jet diffusion flames are fundamen-
tal to combustion. Their study has contributed
to myriad advances in combustion science, in-
cluding the development of theoretical, compu-
tational, and diagnostic combustion tools. Lam-
inar jet flames are pertinent to the turbulent
flames of more practical interest via the laminar
flamelet concept [1, 2].

Flame shape is an important characteristic of
laminar diffusion flames that has been modeled
and measured using numerous techniques.
Shape can be profoundly affected by gravity;
thus observations of shapes at varying gravita-
tional level are especially useful in the evalua-
tion of models. Until now there has been no
robust set of measurements of microgravity gas
jet stoichiometric flame shapes and, in contrast
to numerous correlations of flame length, em-
pirical correlations of widths of laminar gas jet
flames are conspicuously absent from the liter-
ature.

The proportionality between laminar jet
flame length and fuel mass flowrate, and the
independence of length from pressure and
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burner diameter, is a classical relation of com-
bustion science. This is commonly expressed as
L/d = Re or, equivalently, L o 1. Jost [3] obtained
this by equating convection time, L/u, with diffu-
sion time, d*/8D. Most laminar jet flame models
predict the same behavior, particularly when axial
diffusion and gravity are neglected [4-9]. When
gravity is included, Jost’s analysis incorrectly pre-
dicts longer flames. Roper’s improved analysis
[10] showed that competing effects of residence
time and concentration gradients result in flame
lengths that are independent of gravitational level
for circular burners. Others also obtained L o
in buoyant flames by using scaling arguments [11,
12] and numerical solutions of the parabolic [13,
14] and elliptic [15] governing equations. Devia-
tions from L oc 71 in buoyant flames have been
suggested [9, 16].

There are two recurrent width predictions,
one each for nonbuoyant and buoyant flames.
For nonbuoyant flames, many models predict
w o d regardless of pressure or flowrate [4, 6, §].
In the spirit of Jost, this results from equating
convection time (L/u and thus m/u) with a
width-related diffusion time (w*/4D). For buoyant
flames the common prediction is w/d o« St°-2,
This results from a Jost-type analysis, and from
more advanced models [10-12], when buoyant
velocity is scaled as u < (gz)".

There has been abundant experimental con-
firmation of the relation L o s1 in buoyant
flames [12, 14, 15, 17] and in nonbuoyant flames
[2, 18-20], which were found to be longer. To
date, no experimental study has presented cor-
relations of either buoyant or nonbuoyant lam-
inar jet flame widths; such correlations would
allow more complete testing of analytical mod-
els. An additional shortcoming of previous ex-
perimental work is the reporting of luminous
flame shapes instead of the stoichiometric
shapes that most models predict. Soot emissions
can obscure the stoichiometric flame sheet; this
accounts for luminous lengths exceeding stoi-
chiometric lengths by 10-60% [15, 21]. Many
studies of buoyant flame shapes attempted to
correct for this [12, 14, 15, 17], whereas previous
studies of nonbuoyant hydrocarbon flame shapes
did not [2, 18-20, 22, 23]. They reported that
microgravity flames were longer and wider, but
could not rule out the possibility that this was an
artifact of soot emissions in their relatively sooty
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flames. Previous studies of nonbuoyant flame
shapes were conducted in drop towers, but long-
duration (space-based) measurements of these
shapes have recently been completed by Lin et al.
[24].

In light of the above, the objectives of the
present work were: obtain stoichiometric flame-
shape measurements of buoyant and nonbuoy-
ant laminar gas jet diffusion flames; consider
various fuels, burner sizes, pressures, and flow-
rates; correlate the lengths and widths of buoy-
ant and nonbuoyant flames; and compare these
correlations with published models. Flame im-
ages were obtained for methane, ethane, and
propane flames burning in quiescent air. Soot
concentrations were minimized by selecting
conditions at low m and p; this facilitated
identification of the stoichiometric flame sheet.
Flame shapes were determined for 70 nonbuoy-
ant and 231 buoyant flames.

EXPERIMENTAL METHODS

The experiments were conducted in a windowed
pressure vessel supported by a fuel-delivery
system, an ignitor, a color CCD camera, a
microprocessor controller, and lead-acid batter-
ies. The burners were straight stainless steel
tubes with beveled outside edges and inside
diameters of 0.19, 0.42, 0.85, 1.70, 3.25, and 5.54
mm; all burners had length-to-diameter ratios
of at least 40 to ensure fully developed laminar
discharge. The fuel jets issued vertically upward
on the axis of the cylindrical chamber, whose
diameter, length, and volume were 25 cm, 53
cm, and 27 liters, respectively. Microgravity
conditions were obtained in the NASA Lewis
2.2-s drop tower.

On-board methane, ethane, and propane (pu-
rities 99.99%, 99.9%, and 99.9%, respectively)
were stored in a 75-ml bottle and delivered to
the burner via a pressure regulator, a solenoid
valve, a critical-flow orifice, a mass-flow meter,
and a second solenoid valve. Orifice diameters
(0.03-0.07 mm) were selected to ensure choked
flow. Fuel flowrates were determined using the
mass-flow meter, which was calibrated for each
fuel using a bubble meter. Ambient air was used
as the oxidizer for conditions at or below 1 atm;
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TABLE 1

Test Flame Summary

d P m u Re Fr L w  Flame
(mm) (bar) (mg/s) (m/s) (=) (=) (mm) (mm) Count

Nonbuoyant flames ~ 0.42-3.3  0.25-0.98  0.13-2.3 0.02-26  10-740 2-60 4-36 70
Buoyant flames 0.19-55 0.25-1.97 0.04-4.6 0.001-19  5-1,020 0.001-86,000 1-84 1-15 231

a mixture of 21.1% O, (by volume), balance N,
was used for the 2-atm flames.

Microgravity laminar jet flames are sensitive
to hydrodynamic disturbances such as those
caused by prerelease ignition, articulating igni-
tors, and initial deflagrations. To avoid these,
the present nonbuoyant flames were ignited
after release into microgravity using spring-
loaded hot wires (Kanthal A, with lengths of 12
mm and diameters of 0.36 mm) mounted in
tension 3 mm above the burners. The ignitors
were energized with 28 VDC, whereby they
quickly glowed, ruptured, and retracted with min-
imal wakes. Another novel feature of the present
hardware was the serial pair of solenoid valves
which facilitated smooth ignition via optimization
of the volume of the initial fuel discharge.

The flames were imaged through the cham-
ber window using a color CCD camera (Pana-
sonic WV-CL352). Fixed-iris lenses were used,
with focal lengths (16-50 mm) selected accord-
ing to flame size, and f numbers (1.4—6) chosen
according to flame luminosity. Video signals
were carried via fiber-optic cable to a stationary
S-VHS video recorder. Spatial resolution in the
video images was (0.1 mm or better.

We endeavored to measure stoichiometric, as
opposed to luminous, flame shapes. Mitchell et
al. [15] observed blue flame emissions (which
arise from CH and CO,) to coincide with stoi-
chiometric conditions. Thus the stoichiometric
dimensions reported here were determined
from contours of peak blue luminosity. For
flames containing soot, an additional camera
equipped with a CH-line filter (430 £ 5 nm)
facilitated stoichiometric flame sheet observa-
tion. No correction has been made for line-of-
sight integration errors.

We sought the widest possible range of test
conditions, as summarized in Table 1. Low
pressures were emphasized to minimize soot
interference. The lower limit of Re for both
buoyant and nonbuoyant flames was governed

by the onset of crescent-shaped flames, whose
maximum widths were at their bases. The upper
limit of Re was demarcated by lifted, excessively
sooty, or (in normal gravity) flickering flames.
All the flames reported here were attached,
laminar, and nonflickering.

Uncertainties (at the 95% confidence level)
are estimated to be 5% for measurements of
flowrates, lengths of soot-free flames, and
widths. Uncertainties of flame lengths at the
highest flowrates and pressures were 10% due
to soot interference. Unsteady effects in the
microgravity flames augment these estimates by
5%, as discussed below.

Soot-Containing
Region

Blue
Flame
Sheet
L
|

Fig. 1. Sketch of a typical soot-containing laminar jet
diffusion flame.
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RESULTS AND DISCUSSION
Flame Appearance

Figure 1 is a sketch of the typical appearance
and dimensions of the present flames. L is
height above the burner lip at which the stoichi-
ometric flame sheet crosses the axis and w is the
stoichiometric width of the flame at its broadest
section. Figure 2 shows a pair of captured video
images of low-Re ethane flames 2 s after igni-
tion. Other than gravitational level, the condi-
tions for these two flames are identical, allowing a
side-by-side comparison of buoyant and nonbuoy-
ant flames. The buoyant flame has familiar fea-
tures: a well-defined blue flame sheet, a dim blue
interior, and a small yellow soot tongue overlap-
ping the flame tip. The corresponding nonbuoyant

flame has a much larger flame sheet and contains
no soot. Its relative sphericity and its extension
below the burner lip demonstrate the dominance
of diffusion over convection at these conditions.
Figure 3 shows a pair of high-Re ethane flames,
where again the lens and camera settings are
matched and the only difference is gravitational
level. These images demonstrate the diminished
effect of buoyancy on the shapes of high-Re,
momentum-dominated laminar jet flames.

Many of the present flames contained no
visible soot, permitting precise determinations
of stoichiometric lengths and widths. Yellow
luminosity, attributed to soot, increased with
fuel carbon content, pressure, and flowrate, but
no flame emitted soot; furthermore, the non-
buoyant flames contained less soot than their
long-duration counterparts [2, 25]. Soot emis-
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TABLE 2

Determinations of L/(dRe)

CH, C,H, C;Hg
Present nonbuoyant” 0.192 = 0.018 0.146 = 0.007 0.128 £ 0.012
Present buoyant” 0.129 = 0.006 0.108 = 0.005 0.095 = 0.004
Mahalingam et al.” [8] 0.199 0.172 0.153
Roper* [10] 0.178 0.137 0.116
Klajn and Oppenheim? [6] 0.149 0.138 0.134

“ Geometric mean * symmetrized 95% confidence interval.

b Predicated on the density and the fuel-N, diffusivity of an equimolar mixture of fuel and N, at 1500 K.

¢ Adopting Roper’s characteristic temperature of 1500 K and his reference diffusivity of 20 mm?/s at 1.01 bar and 298 K.
4 Assuming adiabatic flame temperatures of 2226, 2260, and 2267 K for methane, ethane, and propane, and incorporating

the additional factor of 3% [6].

sions had no impact on width measurements
(see Figs. 1-3), but occasionally impeded deter-
minations of stoichiometric lengths, for which
tests a second video camera equipped with a
CH-line filter proved beneficial.

The short duration of the present micrograv-
ity tests required consideration of flame-shape
steadiness. This concern was addressed by min-
imizing ignition disturbances and by considering
the time-extrapolation analysis of Tittmann et
al. [26], L(t)/L(*) = e '* and the corre-
sponding analysis of widths, where ¢, is deter-
mined experimentally for each test. In contrast,
to the technique of Ref. 26, the present non-
buoyant flames were ignited after release and
quickly approached steady shapes. Our extrap-
olation analysis indicates that the present flames
attained lengths and widths which were within
5% of their steady-state values. Consequently,
the dimensions we report herein correspond to
end-of-test conditions.

Flame Lengths

Figure 4 shows measured stoichiometric lengths
of the present buoyant and nonbuoyant flames,
normalized by burner diameter and plotted
versus Re. This choice of axes follows a long
tradition in the literature [5, 6, 9, 15, 18-20].
Least-squares fits through the present buoyant
and nonbuoyant lengths have slopes averaging
1.09 and 0.98, respectively, but in accordance
with theory [3-15] we instead correlate the data
with unity slopes (reflecting L o« m1), the coef-
ficients for which are given in Table 2. We found
no statistically significant dependence of L on
either d or p in nonbuoyant flames; we found

normal-gravity lengths to increase slightly with
reductions in d and p, in concurrence with Ref.
27 observations. Also shown in Fig. 4 are
lengths of previous microgravity methane and
propane flames [18-20, 22, 23], nearly all of
which involved atmospheric-pressure condi-
tions. These also can be approximated with
unity-slope fits. Because these are luminous
lengths of relatively sooty flames, their fits av-
erage 49% longer than the present nonbuoyant
correlations.

The present nonbuoyant flames are, on aver-
age, 40% longer than buoyant flames at corre-
sponding Re. The decrease of luminous flame
length with increasing gravitational level has
been observed before in microgravity flames [2,
18-20, 22, 23 and references therein] and in
centrifuge flames [16], but the present study is
the first to report such behavior for stoichiomet-
ric lengths of hydrocarbon flames. The differ-
ence between buoyant and nonbuoyant flame
lengths decreases as Re increases. This occurs
since in buoyant flames Fr (the ratio of momen-
tum to buoyancy forces) generally increases
with Re. Present flame shapes (e.g., Figs. 3 and
4) support the suggestion of Davis et al. [28]
that at sufficiently large Fr, nonflickering nor-
mal-gravity laminar jet flames approach non-
buoyant behavior.

Many explanations have been proposed for
the increased lengths of nonbuoyant laminar jet
flames. Increased axial diffusion may be a factor
[19, 29]. Some instead blame decreased oxidizer
entrainment [9, 13, 16], which is not captured by
analytical models that neglect radial convection.
Roper’s model includes radial convection and
nevertheless predicts length to be independent



Fig. 2. Images of low-Re ethane flames with d = 3.3 mm, p = 0.98 bar, and Re =
21, with burners enhanced. (a) Buoyant, Fr = 0.08. (b) Nonbuoyant.

Fig. 3. Images of high-Re ethane flames with d = 0.42
mm, p = 0.49 bar, and Re = 291, with burners
enhanced. (a) Buoyant, Fr = 28,200. (b) Nonbuoyant.
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of gravitational level [10]; he suggests the ob-
served difference could be due to Kelvin-Helm-
holtz instabilities [30] outside buoyant laminar
jet flames. Although Roper himself did not
mention this, we find plausible his model’s
indication that the increased lengths of non-
buoyant flames could arise from reduced mass
diffusivities associated with reduced tempera-
tures. Roper quantified this as L o T "7,
where T} is the characteristic temperature con-
trolling mass diffusion. The Roper model (with
D = 20 mm?s at 1.01 bar and 298 K) best
matches lengths of the present buoyant and
nonbuoyant flames when 7 is 2190 and 1330 K
respectively. (Roper invoked a temperature of

1500 K in matching the luminosity lengths of
normal-gravity flames.) These temperatures can-
not be validated since measurements to date have
not resolved the peak temperatures in micrograv-
ity laminar jet flames. Numerical models differ in
their predictions of these temperatures. Bahadori
et al. [31] predicted a dramatic influence of gravity
on the peak temperatures at the broadest height
of a propane flame: 2200 and 1400 K for normal-
and reduced-gravity, respectively. Kaplan et al.
[32] predicted a smaller difference (in ethylene
flames): 2050 and 2000 K, respectively. Whether
temperature explains the variation of length with
gravitational level remains an open question.
Several models predict length scaling of the
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TABLE 3
Determinations of w/d
CH, C,H, C;Hg

Present nonbuoyant limit* 13.0 = 0.8 13415 17114
Mahalingam et al. [§] 2.59 251 2.48
Roper” [10] 4.42 5.73 6.78
Klajn and Oppenheim® [6] 15.6 14.7 14.3

“ Geometric mean * symmetrized 95% confidence interval.

® Following the numerical quadrature of [34], assuming uniform velocity and adopting Roper’s characteristic temperature

of 1500 K.

¢ Assuming adiabatic flame temperatures of 2226, 2260, and 2267 K for methane, ethane, and propane, and incorporating

the additional factor of 37%° [6].

form L/d « (Re*Fr)"” in the pure buoyant
regime under the assumption of constant w/d
(Refs. 9 and 16 and references therein). In an
experimental study of diffusion flame lengths in
elevated gravity, Altenkirch et al. [16] plotted
L/d(Re*Fr)'? versus Fr. Their data provided
only weak support for L/d o= (Re*Fr)' at low
Fr; they correlated the bulk of their data em-
pirically with a slope of —1/4. Villermaux and
Durox [9] analyzed the same data with a model
they claimed predicts a slope of —1/6 at large
Fr, but this prediction requires constant d, p,
and g since their actual nonbuoyant prediction
is L/d « Re. When plotted on the axes of Ref.
16, our normal-gravity data is best correlated
with a slope of —0.23. The present data does not
level off at low Fr even though our Froude
numbers extended 2-3 orders of magnitude
lower than those reported for corresponding
fuels in [16]. In light of past use of Fr in
correlating lengths of buoyant flames, we con-
sidered more general correlations of the form
L/d > Re“Fr’. The present normal-gravity
flames are best correlated with @ = 0.93 and
b = 0.05, which is strong empirical support for
L/d =« Re in buoyant flames.

Flame Widths

Motivated by the above analysis of flame
lengths, correlations between normalized stoi-
chiometric flame widths and Re were consid-
ered, as shown in Fig. 5. The previous nonbuoy-
ant luminous widths shown in Fig. 5 [18-20, 23]
agree with present nonbuoyant measurements
since luminous and stoichiometric widths typi-
cally match (see Figs. 1-3). Similar to observa-

tions of flame lengths, the present nonbuoyant
flames were wider than buoyant flames at cor-
responding Re and the difference diminished as
Re increased. We attribute the width difference
to radial convection: flow in nonbuoyant flames
is radially outward, which moves the stoichio-
metric contour away from the centerline; in
buoyant flames radial convection is mostly in-
ward, thus having the opposite effect [2, 13, 25].
The convergence of buoyant and nonbuoyant
widths at high Re results from diminished ef-
fects of buoyancy relative to momentum in
normal-gravity laminar jet flames at high Re
(i.e., at high Fr) [2§].

Nonbuoyant laminar jet flame widths exhibit
different behaviors in the low- and high-Re
regimes. At low Re, nonbuoyant flames tend
toward sphericity (see Fig. 2b) and thus w/d
increases with Re similar to the behavior of
flame lengths. However, for source Reynolds
numbers exceeding 100, flames become elon-
gated and normalized widths remain fixed re-
gardless of Re. Support for constant normalized
widths comes from models that neglect buoy-
ancy and that assume boundary-layer (high-Re)
behavior [4, 6, 8, 10]. We determined nonbuoy-
ant width limits by excluding flames with
Re < 100 and by evaluating geometric averages
of the remaining normalized widths; those limits
are shown as horizontal fits in Fig. 5 and are
enumerated in Table 3.

Following the failure of Re to correlate the
widths of buoyant laminar jet flames, regres-
sions of the form w/d o« Fr’Re” were consid-
ered. As discussed above, several theories pre-
dicta = —b = 0.25, or w/d = St°* [10-12].
The present data rejects, at the 5% significance
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Limit (typ.)

Nonbuoyant

Fig. 6. Stoichiometric widths of buoy-

level, the null hypotheses a = 0.25 and
b = —0.25, but cannot reject, at the same level,
the null hypothesis b = 0. Accordingly, we plot
w/d versus Fr for the present buoyant flames in
Fig. 6. The slopes average 0.16 and the correla-
tions are remarkable, with R? correlation coef-
ficients exceeding 0.98. At the highest Fr, the
normalized widths of the present buoyant
flames approach the nonbuoyant width limits,
shown as dotted lines in Fig. 6. At such high Fr,
normal-gravity laminar jet flames become es-
sentially nonbuoyant. Further increases in Fr
should cause normal-gravity flame widths to level
off at the nonbuoyant width limits, but we were
unable to demonstrate this due to flame lift-off.
Never before have laminar jet flame widths
been correlated with Fr, although Fr has previ-
ously appeared in length correlations of both
laminar [9, 16] and turbulent [33] jet diffusion
flames. Some additional remarks concerning Fig.
6 are thus provided. The dependence of w/d on d
in the correlations of Fig. 6 is small, but is statis-
tically supported by our measurements. Although
the correlations include g, we have no evidence
they are valid at different gravity levels. However,
a slight decrease of widths with increasing grav-
ity, suggested by Fig. 6, was observed in centri-
fuge flames [16] and is predicted by relations of
the form w/d o« St°* [10-12]. Furthermore,
Davis et al. [28] showed that Froude number is

ant flames. Correlations shown are:

10*  10° CH,: w/d = 2.17Fr'%%; C,H: wid =
2.38Fr%15%; and CyHg: wid =
2.66Fr193,

the appropriate scaling parameter for gravita-
tional variations in laminar jet diffusion flames.

Nonbuoyant-Model Evaluation

As mentioned at the outset, one motivation for
this work was an empirical evaluation of existing
flame models. To this end we consider three
analytical models [6, 8, 10] that predict shape
contours of laminar gas jet diffusion flames.
Two of these [8, 10] assume a coflowing ambi-
ent, while the third [6] assumes a quiescent
ambient. The three models assume boundary-
layer (high-Re) behavior and only one [10]
allows buoyancy. Accordingly, the comparisons
are based on predicted and measured lengths
and high-Re widths (width limits) of nonbuoy-
ant flames.

We consider first the Burke-Schumann model
[4], as approximated by Mahalingam et al. [8] in
the limit of infinite coflow tube radius. Its
predicted lengths depend on pD, which is as-
sumed constant. When p and D pertain to an
equimolar mixture of fuel and N, at 1500 K,
predicted lengths are in reasonable agreement
with present nonbuoyant observations, as shown
in Table 2. The Burke-Schumann width predic-
tions depend only on stoichiometry. Those pre-
dictions, shown in Table 3, are less than 20% of
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measured widths as a result of the model’s
neglect of radial convection.

Roper [10] extended Burke and Schumann’s
analysis to allow radial convection and axial
variations of velocity. For length predictions his
model requires specifications of D and 7. When
Roper’s property values are invoked, predicted
and measured nonbuoyant lengths agree rea-
sonably (Table 2). Recall that Roper’s charac-
teristic temperature of 1500 K falls between the
temperatures that best match our buoyant and
nonbuoyant flame length correlations. Roper’s
width predictions depend on specifications of
axial velocity and temperature, which are used
to model entrainment and thermal expansion.
Under the assumption of constant axial velocity,
predicted widths fall short of nonbuoyant-flame
observations (Table 3). The agreement with
nonbuoyant flame widths could be improved by
specifying more realistic velocities that decay
with axial distance.

Finally, we examine the analysis of Klajn and
Oppenheim [6], which includes radial convec-
tion and the centerline velocity decay of non-
buoyant flames. This model’s predictions of
L/dRe and w/d, shown in Tables 2 and 3,
depend only on stoichiometry and assumed
adiabatic flame temperature. Like the other
models [8, 10] the Klajn and Oppenheim model
reveals the relative ease of accurate flame length
predictions. Because this model includes center-
line velocity decay, it better predicts the widths of
high-Re nonbuoyant flames than do the other two
models. The Klajn and Oppenheim model has a
quiescent ambient, which also may aid its agree-
ment with these widths. This model incorrectly
predicts the observed variation of width with
fuel type for the present fuels but nevertheless
better approximates the present flame shapes
than do the other models considered here.

CONCLUSIONS

Shapes of buoyant and nonbuoyant light hydro-
carbon laminar jet diffusion flames were mea-
sured, considering variations in burner diame-
ter, pressure, and fuel mass flowrate, and
avoiding interference from soot emissions. The
major findings were as follows:
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e Buoyant and nonbuoyant stoichiometric
flame lengths are proportional to fuel mass
flowrate and independent of pressure and
burner diameter; i.e., L/d « Re. Nonbuoyant
flames are 40% longer on average, although
the difference decreases as Re increases.

e Buoyancy reduces flame widths via effects of
radial convection. Normalized widths of non-
buoyant flames approach a fuel-specific con-
stant value as Re increases.

e Buoyant flame widths correlate with Fr and,
for large Fr, approach the nonbuoyant limit.

e Three established models furnish reasonable
flame length predictions. Only one of these
[6] accurately predicts the widths of nonbuoy-
ant flames. No existing model predicts the
observed correlation of buoyant flame widths
with Fr.
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