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a b s t r a c t

Laminar smoke points were measured in nonbuoyant laminar jet diffusion flames in coflowing air.

Microgravity was obtained on board the International Space Station. A total of 55 smoke points were

found for ethylene, propane, propylene, and propylene/nitrogen mixtures. Burner diameters were 0.41,

0.76, and 1.6 mm, and coflow velocities varied from 5.4 to 65 cm/s. These flames allow extensive

control over residence time via variations in dilution, burner diameter, and coflow velocity. The measured

smoke-point lengths scaled with d�0.91uair
0.41, where d is burner diameter and uair is coflow velocity. The

measurements yielded estimates of sooting propensities of the present fuels in microgravity diffusion

flames. Analytical models of residence times in gas jet flames are presented, and although residence time

helps explain many of the observed trends it does not correlate the measured smoke points.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Soot is an important topic in fire and combustion research.
Carbon monoxide is the major cause of death in fires and its
emissions correlate with soot emissions. Radiation from soot
contributes to increased fire spread rates and increased engine
heat loads. The adverse health effects of soot exposure are
significant [1] and soot is believed to contribute to climate change
and glacial melting.

Laminar smoke points are the prevailing measure of fuel
sooting tendency in diffusion flames. They are the conditions
(and the luminous flame lengths) associated with incipient soot
emission from diffusion flames. They have been measured in
normal gravity for many gaseous, liquid, and solid [2,3] fuels and
have aided the understanding of diverse flame systems. Smoke
points correlate with important properties of turbulent diffusion
flames, including soot volume fractions [4], radiative loss frac-
tions [5,6], and soot emission rates [6–8]. They are important
indicators of gas turbine soot emissions [6,9,10]. They are used
increasingly in the development of numerical soot models for fire
simulations [11–14].

There are four common explanations for the existence of
smoke points, and these are not mutually exclusive. The first,
and least controversial, is that smoke points occur when the soot
temperature drops below a critical temperature prior to soot
burnout. This temperature is about 1300 K in normal gravity
ll rights reserved.

: þ1 301 405 9383.
[15,16] and 1000 K in microgravity [17,18]. The second is that
radiative loss fraction increases with fuel flow rate until it reaches
0.2–0.4 for normal-gravity smoke points [5,8,11,19,20] or 0.4–0.6
for microgravity smoke points [21]. The third explanation is that
the ratio of luminous length divided by stoichiometric length
increases with flow rate, and reaches about 2 at the smoke point
[19,22,23], although no one has measured or modeled this ratio
for microgravity flames at their smoke points. Unfortunately,
these three explanations cannot be evaluated for the flames
observed here because measurements of temperature, radiative
loss fraction, and stoichiometric length were not possible. Flame
residence time is the fourth common explanation and the most
complex [7,15–18,21,22,24–27]. An increase in residence time
can lead to soot emissions by increasing the time available for
soot formation. Because this generally also increases the time
available for soot oxidation, it has been proposed that smoke
points are associated with conditions where the time available for
soot formation exceeds that for soot oxidation [24]. Long resi-
dence times (accomplished, for example, by increasing burner
diameter at a fixed fuel mass flow rate) can increase radiative loss
fraction by decreasing scalar dissipation rates and increasing the
volume of radiating soot and gas. Residence times in gas jet
flames are afforded the most control when tests are performed in
microgravity with a controllable coflow, which is the method
adopted here.

Sunderland et al. [24] reported the first microgravity smoke
points, which were on board a microgravity aircraft. Microgravity
smoke-point measurements are difficult in both aircraft (owing to
g-jitter) and in drop facilities (owing to limited test times).
Recognizing this, Urban et al. [21] reported smoke points in earth
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Nomenclature

a constant in Eq. (7)
Af constant in Eq. (7)
b constant in Eq. (7)
B constant in Eq. (3)
C constant in Eq. (2)
d burner inside diameter
g acceleration due to gravity
i species index
L luminous flame length
_mf fuel mixture mass flow rate

R2 coefficient of determination
Re burner Reynolds number, uf d/nf

Tad adiabatic flame temperature
tres centerline residence time, Eq. (1)
u axial velocity
X mole fraction
Y mass fraction

z axial distance
Zst stoichiometric mixture fraction

Greek symbols

n kinematic viscosity
r density

Subscripts

0 virtual origin
1g normal gravity
air coflowing air
cl centerline
f fuel or fuel/inert mixture
mix mixture
SP smoke point
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orbit, considering ethylene and propane in quiescent air. The
present study extends this past work to microgravity smoke
points in coflowing air.

Microgravity smoke points are of interest to spacecraft fire
safety. Microgravity allows improved control over residence time
and can improve the understanding of the different mechanisms
responsible for smoke points in normal gravity and microgravity
[17–19,21,24]. In particular, accelerating flows in normal gravity
reduce the time available for soot oxidation, whereas decelerating
flows in microgravity can lead to radiative quenching of soot
reactions [21,24]. Different entrainment behavior also contributes
to different smoke-point behavior in normal gravity and in
microgravity [21,24].

The effects of coflow on soot processes can be complex, as
coflow can modify entrainment, temperature, and residence time.
Increased coflow velocity can either increase or decrease soot
concentrations. A 2.5 s drop tower study by Jeon et al. [28] found
that soot concentration increased with coflow velocity. This was
attributed to increased temperatures, but transient effects may
also have contributed. Faeth and co-workers [25,26,29] studied
weakly buoyant flames and found that increased coflow velocity
reduced soot concentrations and increased smoke-point lengths.
This was attributed to decreased flame residence time and
modified entrainment. In contrast, Sivathanu and Faeth [7] found
that smoke points decreased with increasing coflow velocity.

Much remains unknown about the effects of gravity and
coflow velocity on smoke points. Thus, the objectives of this
study are to measure laminar smoke points of coflowing gas jet
flames in long-duration microgravity; to quantify the effects of
burner diameter, coflow velocity, and residence time on the
smoke points; and to determine microgravity sooting propensi-
ties of various fuels and diluted fuels.
Table 1
Summary of scaling laws for centerline velocity and residence time for several

assumed gas jet conditionsa.

Condition ucl tres

Strongly buoyant (gz)1/2 (L/g)1/2

Nonbuoyant with matched velocity coflow uf d2/nair

Nonbuoyant with quiescent ambient (ufd)2/(nairz) d2/nair

a Assuming L¼C _m /(rnair) and a virtual origin coincident with the burner. The

relationships shown are valid for variations in d, fuel flow rate, and pressure.
2. Residence time analysis

Given the importance of flow time for soot processes
[7,15–18,21,22,24–27], residence time is considered here analy-
tically. Centerline residence time for steady laminar gas jet flames
is defined as

tres ¼

Z L

0
u�1

cl dz: ð1Þ
This relationship can be exploited by invoking the flame length
scaling for both luminous and stoichiometric lengths of steady
laminar gas jet diffusion flames of

L¼ Cm˙
f =ðrnairÞ, ð2Þ

where C is a dimensionless constant that depends on the fuel and
the oxidizer, but is essentially independent of burner diameter,
pressure, gravity level, and coflow velocity [19,21,25,26,29–31].

Eqs. (1) and (2) yield simple scaling laws for three limiting
cases: strongly buoyant flames, nonbuoyant flames with matched
velocity coflow, and nonbuoyant flames with quiescent ambient.
For strongly buoyant flames, ucl�(gz)1/2, where � denotes pro-
portionality [11,14,16,32]. Combining this with Eqs. (1) and (2)
yields tres�(L/g)1/2 [16,22]. For nonbuoyant flames with matched
velocity coflow, ucl is approximately constant and equal to uf.
Combining this with Eqs. (1) and (2) yields tres�d2/nair. For
nonbuoyant flames with quiescent ambient, Spalding [33]
obtained the velocity scaling of ucl�(ufd)2/(nairz). When combined
with Eqs. (1) and (2), this also yields tres�d2/nair. These scaling
laws are summarized in Table 1. An increase in fuel flow rate for
buoyant flames increases residence time, but has no effect on
residence time for both types of nonbuoyant flames. This once led
to the prediction that smoke points would not exist for non-
buoyant gas jet flames [16].

While these simple scaling laws yield insight, they cannot
explain all aspects of smoke-point behavior and they do not
correlate smoke points [27]. For example, microgravity smoke
points in still air are observed to have little dependence on burner
diameter [21,24], but for these flames tres�d2/nair. Thus, a more
complex model of residence time is developed below.
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There are no known similarity solutions of the momentum
equation for coflowing jets. However, the Spalding [33] similarity
solution was extended by Lee et al. [34] to approximately
incorporate the effects of coflowing oxidizer using superposition.
Lee et al. [34] found their analytical velocities agreed with
experiments when ufb2uair. Note that uf42uair for 61% of the
present smoke points. Lee et al. [34] found the following relation
for centerline velocity when the initial fuel velocity profile is
Pouiselle:

ucl ¼ uairþB=ðz2z0Þ, ð3Þ

where

B¼
ðduf Þ

2

nair

rf

8rair

�
3uair

32uf

� �
: ð4Þ

In Eq. (4), rf is the fuel mixture density at 294 K and nair is air
viscosity at 1500 K [35], i.e., 2.291�10–4 m2/s. The virtual origin
of Lee et al. [34] is simplified here to the following, chosen such
that the centerline velocity of Eq. (3) matches the centerline
velocity at the burner discharge and at infinite axial distance:

z0 ¼ B=ðuair22uf Þ ð5Þ

While it is possible for the virtual origin to become positive [29],
leading to a singularity in the velocity field of Eq. (3), this does not
occur for the present flames.

Inserting Eq. (3) into Eq. (1) and integrating yields the
following centerline residence time for coflowing flames in
microgravity:

tres ¼
z

uair
�

B

uair
2

ln 1þ
zuairð2uf�uairÞ

2Buf

����
����: ð6Þ

Inserting z¼LSP then yields the smoke-point centerline
residence time.

Eq. (6) indicates that residence time increases with fuel flow
rate when coflow velocity is small, but decreases with fuel flow
rate when coflow velocity is large. This suggests the possible
existence at high coflow velocity of inverse smoke points –
laminar flames that emit soot at low fuel flow rates, but not at
high flow rates. Inverse smoke points were not observed here
even though many tests involved large coflow velocities.
3. Experimental methods

The Smoke Point in Coflow Experiment (SPICE) was operated
in the Microgravity Science Glovebox on board the International
Space Station (ISS) in 2009. The fuels considered are shown in
Table 2. Smoke points were attempted with methane, but could
not be obtained before the flames impinged on the downstream
copper plate. Burner diameters were 0.41, 0.76, and 1.60 mm.
Table 2
Summary of the observed coflowing microgravity smoke pointsa.

Parameter C2H4 C3H8

Zst 0.0637 0.0603

Tad, K 2367 2264

uf, cm/s 69.6–735 48.9–460
_mf , mg/s 1.63–3.89 1.80–3.84

Re 127–636 176–788

No. of smoke points 6 6

Af, mm 21.2 18.5

LSP,1g
b, mm 106 162

a All flames were attached to the burner, i.e., not lifted. For mixtures, the fuel mole

294 K, 1.01 bar, uniform velocity, and fuel mixture viscosity.
b Normal-gravity smoke points are from Schug et al. [30]. For propylene/nitrogen m
The SPICE module contained a rectangular duct with a
76�76 mm square cross section with rounded corners. A DC
fan supplied coflowing air from the Glovebox contents. The air
passed through a honeycomb and inlet screen to reduce swirl and
then entered the duct. The air and combustion products left the
duct through a perforated copper plate followed by a brass screen.
The inlet screen was 50 mm upstream of the jet exit, and the
copper plate was 120 mm downstream. Fan voltage was varied to
control the coflow velocity, which was measured with a hot-
sphere anemometer located between the inlet honeycomb and
screen. This anemometer was calibrated in normal gravity using a
transfer standard of a calibrated hot-wire anemometer placed at
the centerline 13 mm downstream of the jet exit. Velocities at
other locations in the flow duct were found to be within 710% of
the velocity at this location. Additional details of the experimental
hardware, including images, are given by Dotson [36].

Fuel flow rate was adjusted manually and controlled with a
mass flow meter. The flames were ignited with a hot-wire igniter.
Video was recorded with an analog color video camera and
downlinked in real time. Still images were recorded with a 12
bit NikonTM D100 color camera (3008�2000 pixels) with a
60 mm lens. Additional details are given by Dotson [36].

Most tests were conducted by setting the coflow velocity,
igniting the flame, and manually adjusting the fuel flow rate to
seek out and traverse the smoke points. Approximate smoke
points were identified in the video by the flight crew and
simultaneously by the ground support team in Cleveland. Typical
burn times were 60 s and after each burn the glovebox was
flushed with cabin air. The oxygen mole fraction of ISS cabin air
was maintained within an estimated range of 20–23%.

The video record was analyzed after the tests to more precisely
identify smoke points. The smoke-point lengths were measured
from the burner to the tip of the luminous flame on its axis. The
luminous flame tips were not sharply defined in most flames, but
instead transitioned from bright yellow to black over an axial
distance of 2–5 mm. Luminous lengths were measured to the
point where the centerline grayscale intensity changed most
rapidly between these yellow and black regions. This helped
reduce the sensitivity of the measured lengths to camera
exposures.

Uncertainties in the measurements are estimated at 75% for
fuel velocity, 710% for air velocity, and 75% for luminous length.
Repeatability of the smoke-point lengths is estimated at 75%,
except for tests using the 0.41 mm burner, which had an esti-
mated repeatability of 710%.
4. Results and discussion

The flames generally reached steady conditions within 10 s of
ignition, or within 5 s of a change in fuel or air flow rate. Flames of
C3H6 75% C3H6 50% C3H6

0.0637 0.0768 0.1018

2332 2317 2288

11.2–764 19.5–274 49.6–113

0.39–1.73 0.63–2.00 1.45–3.29

36.4–630 47.4–317 90.7–207

22 14 7

6.05 7.65 13.9

29 35.4 48.3

fraction is shown and the inert is N2. Parameters uf and Re assume conditions of

ixtures, these are estimated using the propylene smoke point of 29 mm and Eq. (9).
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Fig. 2. Microgravity smoke point luminous length plotted with respect to coflow

velocity. The lines shown are fits for each pairing of fuel and burner diameter.

Quiescent data from Urban et al. [21] at 1.01 bar are included in two of the fits.
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propylene and propylene mixtures were generally more luminous
than the others, attributed to increased soot volume fractions.
Periodic flame motion was observed in some flames, especially
those with high air velocity, large burners, and long flames, and is
attributed to unsteady coflow. This slightly increased the uncer-
tainties in smoke points for these conditions.

The conditions for which smoke points were found are summar-
ized in Table 2. In some cases, e.g., tests involving ethylene, the fuel
supply was depleted before all desired conditions could be tested, as
the supply was limited to two 150 cc bottles of each fuel at gage
pressures of 760–1440 kPa.

Smoke points for propane and ethylene were generally identi-
fied by the onset of gradual dimming, reddening, and rounding of
the luminous flame tip. The brightest flames, generally for
propylene and propylene mixtures, normally did not display
significant dimming and reddening near their tips except when
much longer than their smoke points. Smoke points for these
flames were identified by the rapid transition to open-tipped
flames. Open-tipped flames are common in both normal gravity
and microgravity when smoke points are far exceeded [21] and
are generally associated with local flame extinguishment along
the centerline and soot emission in an annular shell. For condi-
tions sufficiently above the smoke points a glowing stream of
particles could be seen leaving the flame.

Fig. 1 shows color images from the still camera for represen-
tative flames near their smoke points. Two sequences are shown,
and in both the smoke point occurs between the third and fourth
images. In the top row coflow velocity decreases from left to right
at a constant fuel flow rate. This increases luminous flame length
and leads to open-tipped soot emission in the fourth image. The
luminous length decreases in the fourth image owing to flame
extinction and reactant leakage. In the bottom row fuel flow rate
is increased at a constant coflow velocity, thus increasing lumi-
nous lengths. The luminous lengths of the flames in Fig. 1 are
more sensitive to changes in fuel flow rate than to changes in
coflow velocity.
75% C3H6

1.6 mm Burner
uf = 41.9 cm/s

75% C3H6

1.6 mm Burner

uair = 50.5 cm/s

uf =  28.2 37.6

uair = 59.0 47.7

30 m
m

55.2 36.4 cm/s

32.9 42.3 cm/s

Fig. 1. Still camera images of 75% C3H6 microgravity flames with 1.6 mm burner

and with (top) decreasing coflow velocity and (bottom) increasing fuel flow rate.

Short vertical lines show the burner position. Images were taken at f/11 with a

shutter speed of 3.1 ms, except the rightmost image in the top row and third

image in the bottom row, which used a shutter speed of 1.3 ms. Original in color.
Measured microgravity smoke points are plotted in Fig. 2 with
respect to coflow velocity for the present coflowing flames. Also
shown are two flames in quiescent ambient from Urban et al. [21],
which agree with the trends in coflow velocity established by the
coflowing tests. Smoke-point lengths in coflow generally increase
with decreasing burner diameter and, in agreement with normal-
gravity results [25,26,36], with increasing coflow velocity. This is
expected because a decrease in burner diameter – or an increase
in coflow velocity – decreases the residence time available for
soot formation and decreases radiative loss fraction by increasing
scalar dissipation rates and by making the flame shorter and
narrower.

It is unknown why the effect of burner diameter diminishes
with the approach to quiescent ambients. This behavior agrees
with observations of nonbuoyant noncoflowing flames [21] and
normal-gravity flames in weak coflow [21,24].

An analysis of the coflow flame measurements of Fig. 2 was
undertaken to quantify the dependence of smoke points on
burner diameter, coflow velocity, and fuel. Correlations were
sought in the form of

LSP ¼ Af daub
air , ð7Þ

where d is in mm, uair is in cm/s, a and b are constants, and Af is a
constant for each fuel mixture. Constants a, b, and Af were found
from the measurements such that the R2 coefficient of determina-
tion between the two sides of Eq. (7) was maximized and the fit
slope was unity for the present coflow smoke points. The results
were a¼–0.910, b¼0.414, and Af values as shown in Table 2. The
associated plot is shown in Fig. 3. The measurements are reasonably
well correlated across a broad range of fuel sooting propensities,
smoke-point lengths, burner diameters, and coflow velocities. The
correlation indicates a scaling for the present smoke points of
LSP�d�0.91uair

0.41. The negative and positive exponents on d and uair,
respectively, are consistent with the above discussion of Fig. 2. This
scaling does not apply for quiescent ambients, for which smoke
heights of zero would be predicted. Although the microgravity data
of Urban et al. [21] are plotted in Fig. 3, they were not included in
the correlation.
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Quantity Af is proportional to a nominal laminar smoke point,
e.g., for different fuels at a fixed d and uair. It indicates the
following sooting propensity ranking for the present fuels in
coflowing microgravity flames:

ethyleneopropaneo50% propyleneo75% propyleneopropylene:

ð8Þ

Excepting ethylene and propane, these trends are readily evident
in Fig. 2. The only surprise of this ranking is that propane soots
more than ethylene, which has not been observed in previous
normal-gravity [7,30] or microgravity tests [21,24].

The normal-gravity smoke points of Schug et al. [30] for
ethylene, propane, and propylene burning on a 10 mm burner
are given in Table 2. The normal-gravity smoke points of the
propylene mixtures are estimated as follows. Gill and Olson [37]
proposed a mixing relationship for fuel mixtures, also used by
others [10,38], that simplifies to

1

LSP,mix
¼
X

i

Yi

LSP,i
: ð9Þ

Markstein [20] proposed the similar form of

1

LSP,mix
¼
X

i

Xi

LSP,i
, ð10Þ

where Eq. (10) assumes proportionality between luminous flame
length and fuel flow rate. Although Eqs. (9) and (10) were
developed for mixtures of pure fuels, it is assumed here that
these equations also apply for fuel/inert mixtures [30,39] when
the inert is assigned an infinite smoke-point length. Eq. (9)
allowed the normal-gravity smoke points for propylene/nitrogen
mixtures to be estimated in Table 2. The result is the following
sooting propensity ranking in normal gravity:

propaneoethyleneo50% propyleneo75% propyleneopropylene

ð11Þ

This agrees with the microgravity ranking, Eq. (8), except for the
exchanged positions of propane and ethylene.
The microgravity smoke points for propane are shorter than
for ethylene for the 0.76 mm burner, leading to propane’s lower
value of Af. Note that this is not the case for the 1.6 mm burner.
Propane’s increased molecular weight relative to ethylene’s yields
a lower initial fuel velocity for the same luminous flame length. In
microgravity (but less so in normal gravity) this lower velocity
increases the time available for soot formation, thus increasing
sooting propensity. This effect is not seen for propylene, probably
because its smoke points are shorter and thus less affected by
changes in gravity level.

Owing to extensive past use of residence time to explain smoke-
point behavior, Fig. 4 is a plot of total flame residence time, from Eq.
(6) with z¼LSP, versus smoke-point length for the present flames
and those of Urban et al. [21]. Extensive scatter in this plot confirms
past findings that microgravity smoke points do not have constant
residence times [21]. For a given fuel mixture and burner diameter,
residence time generally decreases with increasing smoke-point
length (achieved here by increasing uair). Note that the residence
times for propane, propylene, and 75% propylene with the 1.6 mm
burner generally involve ufo2uair, and thus are less accurate. Plots
were also made with the abscissa of Fig. 4 changed to soot formation
time, soot oxidation time, and formation/oxidation time, but none
yielded a successful correlation with smoke point. For these, the
transition between soot formation and oxidation was assumed to
occur at z¼LSP/2 [19,22,23].
5. Conclusions

Smoke points of 55 microgravity gas jet diffusion flames in
coflowing air were measured in earth orbit. The conditions
emphasized small burners and the effects of coflow velocity.
These flames allow extensive control over residence time. The
major conclusions are as follows:
1.
 The present smoke-point lengths scale with d –0.91uair
0.41. Either

a decrease in diameter or an increase in coflow velocity
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decreases residence time and radiative loss fraction, which in
turn leads to a longer smoke point.
2.
 The sooting propensities of the present fuel mixtures in
microgravity increase according to ethyleneopropane
o50% propyleneo75% propyleneopropylene. This is the
same as in normal gravity except for the exchanged positions
of ethylene and propane.
3.
 Several scaling laws for residence time in gas jet flames are
presented, including one for coflowing microgravity flames.
Although residence time is helpful in understanding the present
smoke points, it does not yield quantitative correlations.
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