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Flame and Soot Boundaries of Laminar Jet Diffusion Flames

F. Xu,¤ Z. Dai,† and G. M. Faeth‡

University of Michigan, Ann Arbor, Michigan 48109-2140

The shapes (� ame-sheet and luminous-� ame boundaries) of steady weakly buoyant round hydrocarbon-fueled
laminar-jet diffusion � ames in still and co� owing air were studied both experimentally and theoretically. Flame-
sheet shapes were measured from photographs using a CH optical � lter to distinguish � ame-sheet boundaries
in the presence of blue CO2 and OH emissions and yellow continuum radiation from soot. Present experi-
mental conditions included acetylene-, methane-, propane-, and ethylene-fueled � ames having initial reactant
temperatures of 300 K, ambient pressures of 4–50 kPa, jet-exit Reynolds numbers of 3–54, initial air/fuel ve-
locity ratios of 0–9, and luminous � ame lengths of 5–55 mm; earlier measurements for propylene- and 1,3-
butadiene-fueled � ames for similar conditions were considered as well. Nonbuoyant � ames in still air were
observed at microgravity conditions; essentially nonbuoyant � ames in co� owing air were observed at small pres-
sures to control effects of buoyancy. Predictions of luminous � ame boundaries from soot luminosity were lim-
ited to laminar smoke-point conditions, whereas predictions of � ame-sheet boundaries ranged from soot-free to
smoke-point conditions. Flame-shape predictions were based on simpli� ed analyses using the boundary-layer
approximations along with empirical parameters to distinguish � ame-sheet and luminous-�ame (at the lami-
nar smoke point) boundaries. The comparison between measurements and predictions was remarkably good
and showed that both � ame-sheet and luminous-�ame lengths are primarily controlled by fuel � ow rates with
lengths in co� owing air approaching 2

3 of the lengths in still air as co� owing air velocities are increased. Fi-
nally, luminous � ame lengths at laminar smoke-point conditions were roughly twice as long as � ame-sheet
lengths at comparable conditions because of the presence of luminous soot particles in the fuel-lean region of the
� ames.

Nomenclature
C f = empirical soot factor
Cn = empirical co� ow factor
D = mass diffusivity
d = jet-exit diameter
Fra , Fr f = air- and fuel-stream Froude numbers, u2

ao=.2gL f /
and u2

fo=.2gL f /
g = acceleration of gravity
L f = distance from jet exit to either � ame-sheet

or luminous-�ame tip
Lo = distance from jet exit to virtual origin
Pm = burner mass � ow rate
Pm f = burner fuel mass � ow rate
p = pressure
Re = jet Reynolds number, 4 Pm=.¼d¹)
r = radial distance
Sc = Schmidt number, º=D
u = streamwise velocity
w = luminous � ame diameter
w1=2 = luminous � ame diameter at ³ D 1

2
x = streamwise distance
Zst = stoichiometric mixture fraction
³ = normalized streamwise distance; Eq. (4)
¹ = dynamic viscosity
º = kinematic viscosity
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Subscripts

a = airstream property
f = fuel-stream property
MAX = maximum value
o = burner exit plane or virtual origin condition

Introduction

L AMINAR nonpremixed (diffusion) � ames are of interest be-
cause they provide model � ame systems that are far more

tractable for analysis and experiments than practical turbulentdiffu-
sion � ames. Clearly, an understanding of laminar diffusion � ames
must precedean understandingof more complex turbulentdiffusion
� ames. In addition,many properties of laminar diffusion� ames are
directlyrelevant to turbulentdiffusion� ames using laminar � amelet
concepts. Finally, laminar diffusion � ame shapes have been of in-
terest since the classical study of Burke and Schumann1 because
they involve a simple nonintrusive measurement that is convenient
for evaluating � ame structure predictions. Motivated by these ob-
servations, the shapes of round laminar-jet diffusion � ames were
consideredboth experimentallyand theoreticallyduring the present
investigation. The study was limited to � ames where effects of
buoyancy were either nonexistent or small, however, in order to
minimize parameters and because most practical � ames are not
buoyant.

Most earlier studies of the shapes of hydrocarbon-fueled non-
buoyant laminar-jet diffusion � ames have considered combustion
in still air (see Refs. 2–6 and references cited therein). These stud-
ies have shown that soot-containing � ames at the laminar smoke
point (� ames at the condition of onset of soot emissions) have lu-
minous � ame lengths roughly twice as long as the length of � ame
sheet (the position where fuel and oxidant combine in roughly sto-
ichiometric proportions generally within a thin reaction zone) and
havedevelopedsimple but effectiveways to estimate their shapes.4;5

Corresponding studies of hydrocarbon-fueled nearly nonbuoyant
(weakly buoyant) laminar-jet diffusion � ames burning in co� ow-
ing air have also been reported (see Refs. 1, 7–9, and references
cited therein). These studies were limited to soot-containing� ames
at laminar smoke-point conditions and also developed simple but
effective ways to estimate their shapes; however, the corresponding
behavior of the � ame sheet for these conditions [in either soot-free
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(blue) � ames or soot-containing � ames] has not been addressed.
This is unfortunate because hydrodynamic effects to reduce soot
concentrations in diffusion � ames are of great interest.10¡19 In ad-
dition, soot-free hydrocarbon-fueled� ames are fundamentally im-
portantbecausethey have enhancedcomputationaltractabilitycom-
pared to soot-containing � ames as a result of the absence of the
complexities of soot chemistry, and they provide results useful for
evaluating detailed models of hydrocarbon-fueled� ame chemistry
and transport.

The ability to achieve soot-free laminar diffusion � ames by sub-
jecting the fuel stream to higher momentum (velocity) oxidant
streams (e.g., by strong co� ows), similar to the behavior of air at-
omization processes,11;18;19 is discussed by Lin and Faeth18 and Dai
and Faeth.19 The effect of enhancedco� ow comes aboutbecausethe
position of the � ame sheet tends to be � xed by the fuel � ow rate in-
dependent of the co� ow velocity at large co� ow velocities,9 which
implies that characteristic residence times for soot formation are
inversely proportional to the co� ow velocity.18;19 Thus, increasing
the co� ow velocity inhibits soot emissions and eventually leads to
completelysoot-free(blue)� ames as long as � ame liftoff conditions
are not exceeded.This tactic was exploited during the present study
in order to provide conditions where the shapes of the � ame sheet
of hydrocarbon-fueledlaminar-jet diffusion � ames in co� owing air
could be observed.

Thus, the objectives of the present investigation were to ob-
serve the � ame-sheet shapes of weakly buoyant laminar-jet diffu-
sion � ames in co� owing air considering both soot-free and soot-
containing � ames and to use these results to develop a simpli� ed
model of � ame-sheet shape for these conditions. Corresponding
results for laminar-jet diffusion � ames in nearly still air are also
considered in order to highlight effects of co� ow on � ame struc-
ture, soot formation,and sootemissionproperties.Finally, luminous
� ame shapes at the laminar smoke point, in both still and co� owing
air, are also considered for completeness, exploiting earlier mea-
surements in the literature.5;9

Experimental Methods
Test Apparatus

Experimentalmethods were similar to Lin et al.,5 Lin and Faeth,9

and Lin17 and will be described only brie� y. Effects of buoyancy
were minimized by observing � ames at relatively small pressures
(·50 kPa) with either relatively large co� ow velocities (air/fuel ve-
locity ratios up to nine) or with relatively large source fuel Froude
numbers when co� ow velocities were small. The burner was placed
within a windowed cylindrical chamber and directed vertically up-
ward along the chamber axis. The windowed chamber had a di-
ameter of 300 mm and a length of 1200 mm. Optical access was
providedby two pairsof opposingwindows havingdiametersof 100
mm and centered on a horizontal plane located 500 mm above the
base of the windowed chamber. The � ames were positioned so that
their full lengths could be observed and photographed through the
windows.

The burner was a coaxial-tubearrangementwith the fuel � owing
from the inner port (1.6-, 3.2-, and 4.8-mm inside diameterswith the
outerwall of the tube tapered to providea negligible thicknessat the
tube exit) andair � owing froma concentricouter port (60-mminside

Table 1 Summary of test conditionsa

Parameterb CH4 C2H2 C2H4 C3H6 C3H8 C4H6

Fuel � ow rate, mg/s 0.49–3.12 0.41–4.88 0.50–4.66 1.53–4.08 0.59–3.81 0.74–2.71
Re 2.7–45.6 2.9–54.1 3.6–47.6 38–101 4.9–48.5 18–66
uao=u fo 0.008–7.14 0.0058–5.01 0.009–8.80 0.3–7.0 0.012–5.71 0.8–32.5
p, kPa 21.3–49.4 4.1–21.3 8.5–21.5 19–50 11.3–35.2 19–50
d , mm 1.6, 4.8 1.6, 4.8 1.6, 4.8 4.8 1.6, 4.8 4.8
¹fo, mg/s-m 48.0 51.7 49.7 49.3 47.0 49.8
L f , mm 5.7–41.5 5.0–54.9 7.1–47.0 41–108 9.4–51.3 21–75
w1=2 , mm 6.5–17.7 7.9–24.4 7.9–24.7 5.9–13.1 8.1–22.4 4.3–10.0
Zst 0.0552 0.0704 0.0638 0.0636 0.0603 0.0668

aAir port inside diameter of 60 mm with burner directed vertically upward. Reactant temperatures of roughly 300 K.
bCommercial gases in cylinders with purities as follows: greater than 98.0% by volume for C2H2 and greater than
99.0% by volume for the rest.

diameter).The innerporthad suf� cient length to providefully devel-
oped laminar pipe � ow at the burner exit. The outer port had several
layers of beads and screens to provide a uniform nonturbulent � ow
at the burner exit. Flame lengthswere limited so that test conditions
approximated � ames in a uniform air co� ow based on earlier laser
velocimetry measurements of � ow velocity distributions.17;18 The
burner tube exit was placed 10 mm above the last screen of the air
co� ow so that the � ames were free to attach somewhat below the
burner exit (which often was the case unless liftoff conditionswere
approached).

Fuel was supplied to the inside port from commercial gas cylin-
ders. Fuel � ow rates were controlledand metered using critical � ow
ori� ces in conjunction with pressure regulators; the � ow properties
of the ori� ces were calibrated using wet-test meters. Air was sup-
plied from the room using critical-� ow ori� ces to control and meter
air� ow rates. The exhaust products were diluted with air to reduce
� ow temperatures and then removed using the laboratory vacuum
pump system. The � ames were ignited using a small torch that was
removed from the � ow� eld after the � ames had stabilized.

Instrumentation
Dark-� eld photographs of the � ames were obtained using a

35-mm re� ex camera. The photographs were subsequently printed
using a 100 £ 125 mm � lm format and then scanned. Flame shapes
were measured directly from the scanned images, using objects of
known size to calibrate vertical and horizontal distances. Experi-
mental uncertainties(95% con� dence) of luminous � ame diameters
and lengths were less than 2%.

The dark-� eld color photographs suf� ced to locate luminous-
� ame boundaries as either the outer extremity of yellow luminosity
caused by continuum radiation from soot or the inner boundary of
blue luminosity from the � ame sheet (which exhibited a signi� -
cant afterglow of OH luminosity for the low-pressure � ames ob-
served during the present experiments). To locate the � ame sheet,
however, dark-� eld photographswere obtainedusing a narrowband
� lter designed to pass radiation from the excited CH band associ-
ated with radical reactions at the � ame sheet (430-nm center fre-
quency with a 10-nm half-width pass band). This luminosity was
relatively weak, but the present � ames were very steady so that ex-
posure times could be increased to obtain satisfactoryphotographs.
The outer extremity of the CH image was taken as the � ame-sheet
location because CH luminosity is not associatedwith fuel-lean re-
gionsof the present � ames. Experimentaluncertaintiesof the � ame-
sheet measurements are the same as the luminous � ame boundary
measurements.

Test Conditions
Test conditions are summarized in Table 1. Present measure-

ments considered methane-, acetylene-, ethylene-, and propane-
fueled � ames; earlier measurements considered propylene- and
1,3-butadiene-fueled � ames. Gas purities were greater than 99%
by volume for all of the fuel gases except acetylene, which only
had a 98% purity by volume, because of contaminationby acetone,
which is present in commercial acetylene gas cylinders for safety
purposes. The effect of acetone on the properties of � ames similar
to the present � ames was evaluated during earlier experiments.17;18
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This was done by comparing observations with and without ace-
tone vapor present, using the acetone removal system described by
Hamins et al.20 to create an acetone-freeacetylene fuel stream. The
effectof acetoneon luminous� ame shapesand laminarsmoke-point
� ame lengths was found to be small.17;18

Theoretical Methods
Flame-shapepredictionswere obtainedusing the simpli� ed anal-

ysis of Lin et al.5 for laminar diffusion � ames in still air and Lin
and Faeth9 for laminar diffusion � ames in co� owing air. In both
instances a set of easily used equations was sought, along with
recommendations for selecting the thermochemical and transport
properties appearing in the equations, rather than more complete
methods that would require numerical solution using a computer.
The approach used for � ames in still gases was to extend the anal-
ysis of Spalding,2 which is described in more detail by Kuo,3 as
discussed by Lin et al.5; the approach used for � ames in co� owing
gases was to extend the analysisof Mahalingamet al.,8 as discussed
by Lin and Faeth.9

Except for ambient � ow properties, the major assumptions of
� ame-shape analyses in still and co� owing gases were the same,9

as follows: 1) steady, axisymmetric laminar-jet diffusion � ames at
constant pressure in an unbounded environment having uniform
properties (velocities and scalar properties);2) effects of buoyancy
and associated changes of potential energy are negligible; 3) � ow
Mach numbers are small so that effects of kinetic energy and vis-
cous dissipationare negligible;4) the � ames have large aspect ratios
so that diffusion of mass (species), momentum, and energy in the
streamwise direction is small; 5) for the same reasons the solution
of the governing equations can be approximated by far-� eld con-
ditions where the details of the initial conditions can be replaced
by integral invariants of the � ow for the conservationof mass, mo-
mentum, and energy; 6) similarly, the convection velocities of the
� ow can be approximatedby ambient streamwise velocities for the
co� ow case; 7) all chemical reactions occur within a thin-� ame
sheet with fast chemistry so that fuel and oxidant are never simulta-
neously present at � nite concentrations;8) the diffusivities of mass
(of all species),momentum, and energy are all equal; 9) all thermo-
physical and transportpropertiesare constant throughout the � ame;
and 10) effects of radiation are small. The � rst three assumptions
are justi� ed as conditions of the present experiments. The fourth
and � fth assumptions are justi� ed for most of the present mea-
surements because the present � ames generally had large aspect
ratios, for example, some measurements involve (L f ¡ Lo/=d as
small as 1.0 but most of the measurements involve (L f ¡ Lo/=d in
the range 6–22. The sixth assumption is widely used to approximate
wake-like boundary-layer� ows at large aspect ratios.9 The seventh
assumption, prescribing a thin � ame sheet, has a long history of
effective use to � nd the shapes of laminar diffusion � ames, dat-
ing back to Burke and Schumann.1 The remaining assumptions are
not satis� ed by laminar-jet diffusion � ames, however, and are only
adopted so that simple � ame-shape formulas can be found based
on the past success of similar approximations to � nd the shapes
of the luminous soot boundaries of laminar-jet diffusion � ames at
the laminar smoke point (see Refs. 5 and 9 and references cited
therein).

Under these assumptions a simple formula can be obtained for
� ame-sheet and luminous-� ame lengths both in still and strongly
co� owing gases, as follows9:

.L f ¡ Lo/=d D C f Cn ReSc=Zst (1)

where Cn D 3
32

and 2
32

for weak and strong co� ow and C f is roughly
0.5 and 1.0 for the � ame-sheet location and for the location of
the luminous-� ame boundary at laminar smoke-point conditions,
respectively. (More accurate selections of C f will be considered
later.) The algorithm for computing � ame properties from Eq. (1)
was completed by using the values for the Schmidt number and the
viscosityof air at the averageof the adiabatic � ame temperatureand
the ambient temperature from Braun et al.21 Typical of past work
with hydrocarbon-fueledlaminar-jetdiffusion� ames burningin air,
the value of the Schmidt number did not change signi� cantly over

the test range; thus, Sc D 0.76 was used for all of the results con-
sidered during the present investigation. Similarly, the correlations
of � ame lengths were improved during past work by introducing
the empirical virtual origin parameter Lo=d (see Refs. 5 and 9).
The effect of a virtual origin was not very signi� cant for present
conditions, however, so that Lo=d D 0 was used instead.

The expressionsfor luminous-� ame diameters differ for laminar-
jet diffusion � ames in still air, given in Ref. 5, and in co� ow-
ing air, given in Ref. 9. For � ames in still air, the expression
becomes5

wZst=d D 3
1
2 ³

¡
³¡ 1

2 ¡ 1
¢ 1

2 (2)

whereas the corresponding equation for � ames in co� owing air
becomes9

wZst=d D [¡³.u fo=uao/Z st f³ g]
1
2 (3)

And in both cases

³ D .x ¡ Lo/=.L f ¡ Lo/ (4)

and the valuesof the � ame diameterat the midpositionof the � ames,
where ³ D 1

2 , are given as follows for � ames in still air5:

w 1
2
Zst=d D 0:557 (5)

whereas the corresponding equation for � ames in co� owing air
becomes9

w 1
2
Z st=d D [Z st.u fo=uao/ f2g=2]

1
2 (6)

Other expressionsfor the maximum valueof w, wMAX, can be found
in Refs. 5 and 9, but the differencesbetween w1=2 and wMAX are not
large.

Results and Discussion
Flame Appearance

Photographsof a soot-free acetylene-fueledlaminar-jet diffusion
� ame in co� owing air at near liftoff conditions are illustrated in
Fig. 1. The � gure on the left is a black-and-white image of a con-
ventional dark-� eld color photograph. The � gure at the right is a
black-and-white image of a dark-� eld color photograph obtained
using the CH � lter. Both images are essentially the same indicating
that the � ame sheet in the absence of soot luminosity is indicated
equally well by conventional dark-� eld color photographs as well
as the image obtained from CH luminosity alone.

Fig. 1 Photographs of a soot-free acetylene-fueled laminar-jet diffu-
sion � ame burning in co� owing air near the liftoff condition, without
(left) and with (right) the C-H � lter. Test conditions are d = 1.6 mm,
p = 4.1 kPa, and uao/ufo = 0.05.
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Fig. 2 Photographs of a soot-containing acetylene-fueled laminar-jet
diffusion � ame burning in co� owing air at conditions between laminar
soot and smoke points, without (left) and with (right) the C-H � lter. Test
conditions are d = 1.6 mm, p = 8.2 kPa, and uao/ufo = 0.06.

Photographs of a soot-containing acetylene-fueled laminar-jet
diffusion � ame in co� owing air are illustrated in Fig. 2 for con-
ditions intermediate between the laminar soot and smoke points.
Similar to Fig. 1, the � gure on the left is a black-and-white image
of a conventionaldark-� eld color photograph,whereas the � gure at
the right is a black-and-whiteimage of a dark-� eld color photograph
obtainedusing the CH � lter. In this case the conventionalcolor pho-
tograph image is longer than the color images obtained using the
CH � lter because of the presence of yellow luminosity from hot
soot particles present beyond the � ame-sheet in the fuel-lean region
of the � ame. (This is more evident based on direct viewing of the
� ame by eye or from the conventionalcolor image where the yellow
color can be seen.) Similar to Fig. 1, however, both images are iden-
tical near the burner exit where no soot was present. Thus, it was
possible to locate the image of the � ame sheet using the CH � lter
even in the presence of signi� cant soot luminosity from the fuel-
lean portion of the � ame once the laminar soot-point condition was
exceeded.

Flame Lengths
Luminous-� ame lengths are de� ned in the following as the

streamwise distance between the burner exit and the farthest down-
streamplanenormal to the � ame axis that contactsa luminousregion
of the � ame, at the laminar smoke point, similar to Lin and Faeth.9

For � ames in co� owing air, this length was associated with the end
of the � ame luminosity at the � ame axis. For the � ames of Lin
et al.5 in still air, however, this location was either along the axis or
at an annular soot layer for the closed-and open-tip � ames observed
near laminar smoke-point conditions for nonbuoyant � ames in still
gases.6 This distinction was not necessary for � ame-sheet lengths,
however, because this length was always associatedwith the end of
� ame luminosity at the � ame axis, as observed either using the CH
� lter for soot-containing� ames or observed both with and without
the CH � lter for soot-free � ames.

For present conditions,only fuel � owed from the fuel port so that
simple one-dimensionalconservationof mass principles apply, and
an expressionfor � ame length as a functionof the fuel � ow rate can
be obtained from Eq. (1) and the de� nition of the Reynolds number,
as follows:

L f ¡ Lo D 4C f Cn Sc Pm f =.¼ Zst¹/ (7)

Noting that Lo ¿ L f from Table 2, Eq. (7) implies that both the
� ame-sheet length (at the axis) and the luminous-� ame length(at the
laminar smoke point) are proportional to the parameter Pm f =.Zst¹/
because C f , Cn , and Sc are not affected by either fuel type or
the value of Pm f =.Z st¹/ for present conditions. Similar behav-
ior concerning relationships between fuel � ow rates and laminar

Table 2 Summary of � ame-length correlationsa

Flame system Source Lo=d C f Cn

Smoke-point � ame length Lin et al.5 ¡3.2 1.13 3
32

in still air, Fr f D 1
Smoke-point � ame length Lin and Faeth9 1.4 1.05 2

32
in co� owing air; uao=ufo > 1
and Fra > 1

Soot-free � ame length Present study 0.0 0.52 3
32

in still air; uao=ufo < 0.2
and Fr f À 5

Soot-free � ame length Sunderland et al.4 2.7 0.56 3
32

in still air; uao=ufo D 0
and Fr f D 1

Soot-free � ame length Present study 0.0 0.54 2
32

in co� ow; uao=u fo > 0.5
and Fra > 1

aEmpirical � ame length parameters based on Eq. (1) for soot-free � ames and for soot-
containing � ames at the laminar smoke point for � ames in still (uao=ufo < 0.2) or
co� owing (uao=ufo > 0.5) air.

Fig. 3 Flame-sheet and luminous-�ame lengths (the latter at the lam-
inar smoke point) of laminar-jet diffusion � ames in still air and co� ow-
ing air. Measurements from Lin et al.,5 Lin and Faeth,9 and the present
investigation.

smoke-point � ame lengths for buoyant � ames has been recognized
for some time14;22;23 and has also been observed for nonbuoyant
� ames at the laminar smoke point as suggested by Eq. (5).24;25

Measured � ame-sheet and luminous-� ame lengths (the latter at
the laminar smoke-point condition) are plotted according to Eq. (7)
in Fig. 3 for nonbuoyant diffusion � ames in both nearly still and
relatively strong co� owing air. The values of C f and Cn for the cor-
relations were taken from Table 2, whereas Sc D 0.76 for all of the
present results as noted earlier.Thus, Eq. (7) combinedwith present
methods of � nding � ame physical properties and the values of C f

and Cn from Table 2 yield excellent correlations for the four � ame
length conditionsthat are consideredin Fig. 3. The measured � ame-
sheet results include conditions in both soot-free (blue) � ames as
well as conditions beyond the laminar soot point (but prior to the
laminar smoke point) where soot is present and the � ame exhibits
yellow soot luminosity.Similar to the discussionof Fig. 2, however,
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the presence of soot in the present laminar-jet diffusion � ames did
not have a signi� cant effect on the � ame-sheet length. The val-
ues of C f at the luminous-� ame length at the laminar smoke-point
condition are roughly twice as large as the values of C f for the
� ame-sheet length (see Table 2); thus, the presence of hot soot par-
ticles in the fuel-lean portion of the � ame signi� cantly extends (by
up to a factor of roughly 2) the region where � ame luminosity is
observed.

The measurements illustrated in Fig. 3 could be grouped into
conditions where ua=u f > 0.5 and the various lengths correlated
reasonably well with the co� ow correlation with Cn D 2

32 (as long
as Fra > 1) and uao=u fo < 0.2 where the various lengths correlated
reasonablywell with the still gas correlationwith Cn D 3

32 (as longas
Fr f > 5). Intermediate values of uao=ufo yield intermediate values
of � ame lengths (or Cn) as will be discussed in more detail later.
In view of the simplicity of the theory, it is remarkable that the
predictions are reasonably good. Thus, transition from strong to
weak co� ow increasesboth � ame-sheetand luminous-� ame lengths
by roughly 50%. The reason that values of uao=ufo are signi� cantly
less than unity bound conditions between strong and weak co� ow
is that jet-exit conditions decay rapidly toward ambient conditions
so that even relatively small ambient velocities can affect mixing in
the important region near the � ame tip for � ame length behavior,
particularly for the relatively large aspect ratio � ames (typical of
the behavior of hydrocarbon/air � ames that have relatively small
stoichiometric ratios or small values of Zst) that were considered
during the present investigation.

Flame Diameters
It is evident that the normalized characteristic � ame diameter

w1=2 Zst=d for laminar-jet diffusion � ames is a constant for � ames
in still air fromEq. (2) and is inverselyproportionalto the squareroot
of air/fuel velocity ratio for � ames in co� owing air from Eq. (3),
independent of � ow transport properties. This relationship is il-
lustrated in Fig. 4 for nonbuoyant diffusion � ames in co� ow for
� ame-sheet diameters with uao=u fo > 0:5 and Fra > 1 along with
the predictionsof Eq. (3). The measurements scatter about the pre-
dictions, but the scatter progressively decreases as the normalized
� ame length increases.Thus, small � ame aspect ratios appear to be
mainly responsible for the scatter seen in Fig. 4. This conclusion is
similar to the � ndings of Lin and Faeth9 for laminar smoke-point
conditions.

It is also of interest to consider the behavior of the normal-
ized characteristic � ame diameter as the value of uao=u fo increases
for conditions representative of nonbuoyant laminar-jet diffusion

Fig. 4 Measured and predicted � ame-sheet diameters for laminar-jet
diffusion � ames in co� ow as a function of air/fuel velocity ratios and
� ame sheet length.

Fig. 5 Measured and predicted � ame-sheet diameters as a function of
air/fuel velocity ratios.

� ames in still air to strongly co� owing air. This transition is con-
sidered in Fig. 5, which provides characteristic � ame diameter ex-
pressions particularly suitable for both large and small values of
uao=u fo. Results illustrated in Fig. 5 show the transition between
estimates of the characteristic � ame diameter in still gas to esti-
mates in strongly co� owing gas at values of uao=ufo ¼ 0.1; mea-
sured results in both regimes exhibit signi� cant degrees of scat-
ter, and the large co� ow predictions generally underestimate the
measurements.

Flame Shapes
Measured and predicted � ame shapes will be compared as the

� nal step in the evaluation of the simpli� ed � ame-shape analyses
leading to Eqs. (1–4) for nonbuoyant laminar-jet diffusion � ames
in still and co� owing air. These evaluations will consider a range
of � ame aspect ratios in order to explore the robustness of the pre-
dictions. Both soot-free and soot-containing� ames will be consid-
ered in the following so that effects of soot on the location of the
� ame sheet can be evaluated for nonbuoyant laminar-jet diffusion
� ames.

Examples of measured and predicted � ame shapes for soot-free
methane/air � ames having various co� ow velocity ratios are il-
lustrated in Fig. 6. For these soot-free � ame conditions the mea-
sured � ame shapes with and without the CH � lter are identi-
cal, with both observations giving the correct � ame-sheet loca-
tion. Predictions of � ame-sheet locations using the simpli� ed the-
ories are also shown on the plot; all of the measurements are
for uao=u fo > 0.5 and are compared with predictions for � ames in
co� owing air, Eq. (3). The comparison between measurements and
predictions is excellent, properly accounting for effects of varia-
tions of air co� ow, in view of the simplicity of the � ame-shape
analyses.

Examples of measuredand predicted� ame-sheetshapes for soot-
containingethylene/air � ames having various co� ow velocity ratios
are illustrated in Fig. 7. For these soot-containing� ame conditions
measured � ame shapes with and without the CH � lter are no longer
identical with the luminous-� ame shape obtained without the � l-
ter extending farther downstream as a result of the presence of
yellow soot luminosity from soot present in the fuel-lean region
of the � ame. None of the conditions shown in Fig. 7 correspond
to laminar smoke-point conditions; therefore, only laminar � ame-
sheet predictions are shown on the plot. Similar to Fig. 6 for soot-
free � ames, the comparisonbetween measurementsand predictions
is excellent, indicating that the presence of soot in these � ames
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Fig. 6 Measured � ame-sheet and luminous-�ame shapes and predicted � ame-sheet shapes for soot-free methane-fueled laminar-jet diffusion � ames
having a burner diameter of 4.8 mm at various air co� ow velocity ratios.

Fig. 7 Measured � ame-sheet and luminous-�ame shapes for soot-containing ethylene-fueled laminar-jet diffusion � ames having a burner diameter
of 4.8 mm at various small air co� ow velocity ratios.

does not have a signi� cant impact on predictions of � ame-sheet
location.

Examples of measured and predicted � ame-sheet shapes for
both soot-free and soot-containing � ames involving other fuels,
propane/air and acetylene/air � ames, having various velocity ratios
are illustratedin Figs.8 and9. Similar to Fig.7, resultswith andwith-
out the CH � lter are not always the same with the luminous-�ame
boundary extending beyond the � ame sheet because of luminosity

from soot in the fuel-lean portion of the � ame in some instances.
Only predictions for the � ame-sheet shape in still air are shown be-
cause these � ames are not at laminar smoke-point conditions and
havesmall air/fuelvelocityratios;notably, thecomparisonsbetween
predictedand measured of � ame-sheet shapes are excellent.(Corre-
sponding comparisons between measured and predicted luminous-
� ame shapes at laminar smoke-pointconditionscan be found in Lin
and Faeth.9)
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Fig. 8 Measured � ame-sheet and luminous-�ame shapes and predicted � ame-sheet shapes for both soot-containing and soot-free propane-fueled
laminar-jet diffusion � ames having a burner diameter of 1.6 mm at various small air co� ow velocity ratios.

Fig. 9 Measured � ame-sheet and luminous-�ame shapes and predicted � ame-sheet shapes for both soot-containing and soot-free acetylene-fueled
laminar-jet diffusion � ames having a burner diameter of 1.6 mm at various small co� ow velocity ratios.

Conclusions
The luminous � ame-sheet and luminous-� ame boundaries of

steady, nonbuoyantround hydrocarbon-fueledlaminar-jet diffusion
� ames in still and co� owing air were studied both experimentally
and theoretically.Present conditionsincludedacetylene-,methane-,
propane-, and ethylene-fueled � ames having reactant temperatures
of 300 K, ambient pressures of 4–50 kPa, jet-exit Reynolds num-
bers of 3–54, initial air/fuel velocity ratios of 0–9, and luminous
� ame lengths of 5–55 mm. The present � ames involved both soot-
free and soot-containing � ames but the latter were not emitting
soot and generally did not approach laminar smoke-point condi-

tions. Both new and earlier5;9 measurements were used to evaluate
predictions of luminous � ame-sheet and luminous-� ame bound-
aries based on extension of simpli� ed analyses from Spalding2

and Mahalingam et al.8 The major conclusions of the study are as
follows:

1) The present simpli� ed analysis of nonbuoyant laminar-jet dif-
fusion � ames in co� ow, extendedfrom Mahalingamet al.,8 provided
reasonablygood predictionsof � ame-sheet shapes of both soot-free
and soot-emitting � ames for uao=u fo > 0.5 and Fra > 1 after appro-
priate selection of empirical parameters for the simpli� ed theory
summarized in Table 2.
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2) The simpli� ed analysis of nonbuoyant laminar-jet diffusion
� ames in still air from Spalding2 provided reasonablygood predic-
tions of � ame-sheet shapes of both soot-free and soot-containing
� ames in slow-moving co� ow for uao=u fo < 0.2 and Fr f > 5 after
appropriate selections of empirical parameters for the simpli� ed
theory summarized in Table 2.

3) Based on present � ndings about � ame-sheet and luminous-
� ame boundariesof nonbuoyantlaminar-jet diffusion� ames in still
and co� owing air, � ame-sheet and luminous-� ame lengths increase
linearlywith fuel � ow rates but are relativelyindependentof jet-exit
diameter,pressure, and air/fuel velocity ratio (for � ames in co� ow).
Finally, � ames in still air are roughly 50% longer than � ames in
reasonably strong co� ow (uao=ufo > 1) at comparable conditions.

4) Based on present � ndings about � ame-sheet and luminous-
� ame boundariesof nonbuoyantlaminar-jet diffusion� ames in still
and co� owing air, characteristic� ame-sheetand luminous-�ame di-
ameters vary linearly with jet-exit diameter and are relatively inde-
pendent of � ow physical properties and jet-exit Reynolds numbers.
For � ames having signi� cant co� ow levels (uao=u fo > 1), however,
the characteristicluminous � ame diameters are also proportionalto
the square root of u fo=uao.

5) Luminous-� ame lengths progressively increased compared to
� ame-sheet lengths as the laminar smoke point was approachedfor
nonbuoyant laminar-jet diffusion � ames in both still and co� owing
air. In both cases luminous-� ame lengths at the laminar smoke point
were roughly twice as long as � ame-sheet length as a result of the
presence of hot luminous soot particles in the fuel-lean portions of
the soot-containing� ames.

Limitations of the present � ndings should be noted, as follows:
these results should be used with caution outside the present test
range until the results are de� nitively con� rmed for longer-term
microgravity conditions where the intrusion of effects of transient
� ame development and buoyancy are absent (notably, both these
effects tend to reduce the luminous � ame dimensions6); these re-
sults were developed for luminous � ame shapes and the simpli-
� ed theories should not be assumed to apply to other important
� ame structureproperties (temperatures,velocities,speciesconcen-
trations, etc.) where good performance of such simpli� ed methods
has not been established and frankly seems unlikely.
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