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An experimental investigation of laminar smoke points of candle flames is presented.
Adjustable wicks with diameters of 1.7-7.3 mm were used to measure smoke points in
quiescent air for 14 different waxes. The measured smoke points increased with wick
diameter. Smoke points interpolated to a wick diameter of 4.5 mm varied fiom 41-80 mm
and increased from commercial waxes (candelilla, carnauba, beeswax, paraffin) to normal
alkanes (hexatriacontane, octacosane, tetracosane) to primary alcohols (octadecanol,
docosanol, hexadecanol) to carboxylic acids (stearic, palmitic, lauric, myristic). Wax
smoke points decreased with increasing carbon number. Alkane and alcohol smoke points
decreased with increasing fuel CIH ratio and correlated with past measurements of liquid
Sfuels and polymers. Soot emission was not possible for any fuel when wick diameter was
below 1.7 mm or when wick length was below 5.9 mm.
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INTRODUCTION

A reliable indication of the propensity of a fuel to produce and emit soot
requires a combustion test. For premixed flames, the relevant test is the sooting limit.
This test identifies the critical equivalence ratio at the point of the first appearance of
yellow luminosity in a premixed flame (e.g., Takahashi & Glassman, 1984). For
diffusion flames, the most widely used test is the laminar smoke point test. Note that
a fuel’s sooting propensity relative to other fuels may be different in sooting-limit
and smoke-point tests (Calcote & Manos, 1983; Glassman, 1988).

A laminar smoke point is the length of a gas jet or wick-fed diffusion flame at
the point of incipient soot emission. Smoke points occur because an increase in fuel
flow rate increases soot formation time but yields a smaller increase in soot oxidation
time (Glassman, 1988).
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Laminar smoke points have been found to correlate with soot volume fractions
(Kent, 1987) and radiative loss fractions (Markstein, 1984) of turbulent diffusion
flames. Yang et al. (2007) found gas turbine soot emissions to be well correlated with
a threshold sooting index (TSI) based on fuel molecular weight divided by laminar
smoke point. Laminar smoke point measurements can be helpful in computational
combustion simulations (Lautenberger et al., 2005) because they are central to the
important phenomena of soot formation, soot and CO emissions, radiation, and flame
quenching. Detailed models of soot kinetics and transport (e.g., Singh et al., 2006;
Smooke et al., 2005) are currently too expensive for use in turbulent flames or fires.

The commercial impact of laminar smoke points is most significant in aviation.
Most aviation jet fuel sold worldwide is required to have a laminar smoke point in a
standard wick lamp (ASTM, 2002) of at least 25 mm (or at least 18 mm when naph-
thalene content is 3% by volume or below) (ASTM, 2003). Yan et al. (2005) pointed
out the importance of matching smoke points when selecting surrogate fuels. A
related study of effects of smoke points on surrogate fuel selection was presented
by Aksit and Moss (2005).

The first laminar smoke point tests involved kerosenes in a wick lamp (Kewley
& Jackson, 1927). Many notable later studies also used wick lamps (Aksit & Moss,
2005; Giilder, 1989; Marsh et al., 2007; Olson et al., 1985; Rakowsky & Hunt, 1956;
Schalla & McDonald, 1955; Yan et al., 2005). The largest number of fuels considered
was in Olson et al. (1985), which reported laminar smoke points of 42 liquid fuels.

Laminar smoke points of gas-fueled flames have been measured and reported
in dozens of peer-reviewed papers (e.g., Berry & Roberts, 2006; Glassman, 1988;
Markstein, 1986; Schug et al., 1980; Sunderland et al., 1994; Urban et al., 2000).
These measurements are made by injecting fuel upward through a round tube into
coflowing or quiescent oxidizer. Laminar smoke points of gaseous fuels are simple
and fundamental; they are highly repeatable and are nearly independent of burner
diameter.

Laminar smoke points of fuels that are solid at room temperature have only
been reported in two studies, covering just six fuels. Tewarson (1986) examined five
polymers, which were prevaporized and burned as gas jets. de Ris and Cheng (1994)
measured smoke points of polymethylmethacrylate and particle board in an appar-
atus that involved sample heating with a CO, laser. Smoke points have never
previously been reported for candles or for waxes.

A recent alternative to smoke point measurements was developed by McEnally
and Pfefferle (2007). This involves doping a methane laminar diffusion flame with
400 ppm of a test fuel. Peak soot volume fraction is measured with laser-induced
incandescence. To date, carbon numbers of up to 30 have been tested. This method
holds great promise, especially for heavily sooting fuels and fuels with limited avail-
ability. However, it involves low fuel concentrations and testing different fuels along
fixed trajectories of temperatures, times, and radical concentrations, which may not
fully capture the sooting behavior of flames of pure fuels, such as candle wax or
aviation fuel.

Candles are used in 70% of U.S. households and account for $2 billion in annual
sales (National Candle Association, 2007). Soot emissions from candles can threaten
human health and property. These concerns have been discussed in The Wall Street
Journal and elsewhere (Fine et al., 1999; Huynh et al., 1991; Tejada, 1999).
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Wax candles have received relatively little attention in peer-reviewed
combustion literature, partly owing to experimental and analytical difficulties.
Candles were one of the first combustion configurations tested in space (Dietrich
et al., 2000). A detailed computational model of candle flames was presented by
Alsairafi et al. (2004) and Raju and T’ien (2008). Several fire hazards of candles were
considered by Hamins et al. (2005). Similarities between candle flames and gas-jet
flames were examined by Takahashi (2009).

Given the above background, the objectives of this study are as follows:

e develop a method for measuring smoke points of candles;

e measure and correlate the smoke points of diverse waxes;

o consider the effects of wick diameter and length;

o rank the waxes according to their sooting propensities; and

o identify wick diameter and length requirements for smoke-free conditions.

This manuscript presents the results of an experimental study of laminar smoke
points of candles and waxes. The experimental methods are described, followed by
results and conclusions. Recommendations are provided for candle manufacturers
and consumers and for those who administer and interpret aviation fuel smoke-point
tests.

EXPERIMENTAL SETUP

Fourteen waxes were tested, as identified in Table 1. These were obtained from
Sigma-Aldrich in granular form. The commercial waxes are not monomers and have

Table 1 Summary of waxes tested

Family Wax* Formula MW, g/mol MP, °Ct BP, °Ct
Commercial Beeswax 63
Candelilla 72
Carnauba 83
Paraffin 66 350-430
Normal alkane n-tetracosane Cy4Hsg 339 50.4 391.3
n-octacosane CygHsg 395 61.1 431.6
n-hexatriacontane Ci6H74 507 75.8 298.4°
Primary alcohol 1-hexadecanol Ci6H340 242 49.2 312
1-octadecanol C3H350 270 57.9 335
1-docosanol CyoH,60 327 72.5 180%%2
Carboxylic acid Lauric acid C,H»40, 200 43.8 299.2
Myristic acid C14H250, 228 54.2 318
Palmitic acid C6H3,0, 256 62.5 353.8
Stearic acid Ci3H360, 284 69.3 370

*Additional details are as follows: beeswax, refined, yellow; candelilla, natural; carnauba number 1,
yellow, refined.

fMelting points sources are as follows: commercial waxes (Sigma-Aldrich, 2007), all others (Lide, 2007).

Boiling points are at 760 mm Hg except where a different pressure is shown in superscript. Sources are:
paraffin (Reed, 1997), alkanes and aliphatic alcohols (Lide, 2007), carboxylic acids (Speight, 2005).
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unknown or uncertain thermal properties, but were considered here owing to their
widespread use in candles and other commercial products. The other waxes were
certified to be monomers with purities of 98% or higher. Beeswax, candelilla, and
carnauba were opaque yellow, paraffin was translucent white, and all other waxes
were opaque white. Chemical formulas of the alkanes, alcohols, and acids are,
respectively, C,H,,,,, C,H,,»,0, and C,H,,0,, where n is the carbon number.
Where properties are available, chemical formula, molecular weight (MW), melting
point (MP), and boiling point (BP) are shown in Table 1.

Waxes were placed in 50 mL glass beakers, melted on a hotplate, and allowed
to cool. The beakers were placed in a freezer to facilitate wax removal. The candles
were then removed from the beakers, which sometimes required breaking the
beakers. Holes were drilled on axis to admit wicks. Braided round cotton wicks with
diameters of 1-7.3 mm were obtained from Atkins and Pearce. Wicks were stiffened
by the addition of melted wax matching that of their intended candles. The wicks
were longer and slightly narrower than the drilled holes to allow adjustment of their
heights from beneath during the burn tests.

Each candle was secured in a 38mm hole in a horizontal 30 x 30 x 1cm
aluminum plate. A flame of 40 mm was established until the melt pool reached a
diameter of about 20 mm. The wick was then made as straight and vertical as poss-
ible and, when necessary, was trimmed again with scissors. A 300 mm cube clear
acrylic box with one open side was then placed over the candle to eliminate drafts.
The acrylic box was left in place for no longer than 30 s and was flushed with fresh
air between tests. The wick was adjusted by hand from below until a quasi-steady
smoke point was visually identified. An image of this condition was then captured
by the color camera.

There was a delayed response of flame length to changes in wick length.
Because this delay was shorter (typically 2s) for reductions in wick length, most
smoke points were obtained while gradually reducing wick length. Flicker was some-
times observed, particularly for long flames, but could be eliminated by temporarily
reducing wick length. Measurements reported here are associated with nonflickering
conditions.

White paper was placed on the inner wall of the acrylic box opposite the
observer, which allowed visual identification of soot emissions with good sensitivity.
The inner wall opposite the camera was covered with black fabric for image clarity,
particularly near the flame tip. This arrangement prevented observations of soot
emissions in the camera images. Color images were recorded with a Nikon
D100™ digital single-lens reflex camera with a 60 mm lens at 8f and a shutter speed
of 0.15s. These settings resulted in saturation in the brightest flame regions, but
yielded good resolution of the pool, wick, and flame tip. Spatial resolution in the
images was 0.04 mm or better.

Three measurements were obtained from each digital image: flame height (i.e.,
laminar smoke point), wick height, and wick diameter. The datum for flame and
wick height was a horizontal line passing through the midpoint of the liquid wax
meniscus at the wick base. The flame tips were not sharply defined in most images,
but rather involved a transition from bright yellow to black across an axial distance
of 2-5mm. Flame height was thus measured to the point where the centerline grey-
scale was midway between these yellow and black regions. This helped reduce the
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sensitivity of measured flame height to camera exposure conditions. Wick diameters
varied slightly with position, particularly for wicks with large diameters. In these
cases, minimum and maximum wick diameters were measured and averaged.

Uncertainty in the measurements arises primarily from two factors: the
difficulty of detecting small quantities of soot emitted from flames slightly longer
than their smoke points, and unsteadiness associated with the delayed response of
flame length to changes in wick length. In addition, the wicks were not perfectly
cylindrical and vertical, and some oxygen vitiation within the enclosure was unavoid-
able. Measured smoke points, wick lengths, and wick diameters were repeatable
within +5%. Uncertainty in these measurements is estimated at £10%.

RESULTS AND DISCUSSION

Representative color images of four candle flames at their smoke points
are shown in Figure 1. These images are for tetracosane with wick diameters of
1.9-6.2 mm. No smoke point could be obtained for tetracosane with a wick diameter
of 1.7mm or below. Visible in each image is a melt pool and the meniscus it forms at
the wick base. The wicks are not obscured by flame luminosity. They are charred for
heights above the flame standoff height and uncharred below. The base region of
each flame is blue, with its widest point coinciding with the wick tip. Soot first
appears in an annulus and crosses this blue region. Past work in normal-gravity
gas-jet flames found the stoichiometric (blue) flame to be about 50% as long as
the luminous (yellow) height at the smoke point (Lin et al., 1999). The yellow
luminous regions of the present flames generally taper inward with increased height
owing to inward buoyant flows and, low in the flames, thermophoresis.

Interesting behavior is evident in the smoke-point flame tips of Figure 1.
Annular soot layers, called soot wings, appear near the flame tips except in the case
involving the widest (6.2 mm) wick. Schug et al. (1980) found laminar smoke points
of gas-jet flames to occur when soot wings are equally high as the flame centerline.

Figure 1 Color images of tetracosane candle flames at their smoke points. Smoke points are, from left to
right, 51.6, 60.0, 65.0, and 67.7 mm. Wick lengths are 10.6, 8.9, 8.2, and 6.6 mm. Wick diameters are 1.9,
3.3,4.4, and 6.2 mm. These dimensions are slightly different from the mean values for tetracosane reported
elsewhere in this paper.
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In contrast, Markstein (1986) found that gas-jet smoke points could occur when soot
wings were longer or shorter than the flame centerline. Soot wings are visible in most
of the smoke-point flames for the waxes considered here. Their prominence diminishes
or disappears for increasing smoke-point length. In general, present smoke-point
flames with lengths below 50 mm have soot wings that are equally high as the center-
line region, while those with lengths longer than 65 mm do not have soot wings.

It is expected that the equal-wings smoke points have their first soot emissions in
an annulus, whereas the other smoke points have their first emissions on the center-
line. Markstein (1986) observed similar behavior. Two modes of smoke points also
were observed in microgravity flames by Urban et al. (2000), closed tip and open
tip, with the open-tipped flames partially extinguished. The possibility that normal-
gravity smoke points are associated with local flame extinction warrants further study.

Figure 2a shows the measured laminar smoke points for the 14 waxes of Table 1,
plotted with respect to wick diameter. Each symbol represents mean smoke points and
wick diameters from 4-7 tests with a single wick. The mean wick diameters and smoke
points vary from 1.9-7.3 mm and 37-89 mm, respectively. Smoke points for each fuel
are seen to increase with wick diameter. Rakowsky and Hunt (1956) also reported
variations in smoke point with wick diameter for liquid fuels, but their measurements
were limited, and their trends with respect to wick diameter were inconclusive.

Figure 2a reveals that, for fixed wick diameter, the present smoke points gen-
erally increase from commercial waxes to alkanes to alcohols to acids. The ranking
of wax smoke points generally does not depend on wick diameter. Wick diameters
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Figure 2 (a) Measured laminar smoke points versus wick diameter; (b) measured wick lengths at the
laminar smoke points versus wick diameter.
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smaller 1.7 mm were unable to result in soot emissions under quiescent conditions;
for the carboxylic acids, this limit was 2.9 mm.

Figure 2b shows measured wick length at the smoke point as a function of wick
diameter. Each symbol in Figure 2b corresponds to a symbol in Figure 2a. The wick
lengths vary from 5.9-13.1 mm. At the smoke point, as the wick diameter increases,
the wick length decreases, reflecting the approximate proportionality between burn-
ing rate and wick surface area. No smoke points could be obtained for wick lengths
below 5.9 mm for any wax. For the carboxylic acids, the shortest wick length at a
smoke point was 7.7 mm.

The increase in smoke point with increasing wick diameter (Figure 2a) is
attributed to increased heat losses from the flame base to the wick and the wax
pool. This decreases temperatures in the soot formation region, thus reducing
soot-emitting tendency. Markstein (1986) also found smoke points to increase with
increased heat loss at the flame base for gas-jet flames. For otherwise matched
conditions, increased wick length can also reduce temperatures in the soot formation
region. Thus, it is important to report wick diameter and length when smoke-point
lengths are reported for wick-fed flames.

The variation of smoke point with wick diameter, evident in Figure 2a, requires
additional consideration prior to a quantitative ranking of sooting propensities of
these fuels. The approach followed here is to interpolate the measurements of
Figure 2 to a wick diameter of 4.5 mm using a least-squares linear fit for each wax.
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Figure 3 Measured laminar smoke points and wick lengths at smoke points, both interpolated to a
4.5 mm-diameter wick.



02:04 5 May 2009

[ Sunder | and, Peter B.] At:

Downl oaded By:

CANDLE SMOKE POINTS 807

This wick diameter was chosen because it is close to the diameter of one of the present
wicks and is close to the mean wick diameter of the measurements of Figure 2. It also
is comparable to the size of wick used in the ASTM (2002) tests, found under burn-
ing conditions in this laboratory to have a rectangular cross-section with dimensions
of 5.0 x 6.1 mm (i.e., a hydraulic diameter of 5.5 mm).

The resulting interpolated results are shown in Figure 3. Fuels are ordered
according to increasing interpolated smoke point, which vary from 41-80mm.
Figure 3 indicates that the commercial waxes have the highest sooting propensities
of the waxes tested. The alkanes have the next higher smoke points, followed by
the alcohols and the acids. It is unfortunate that paraffin and beeswax have some
of the shortest smoke points, as these are widely used in candle manufacture
(National Candle Association, 2007). Stearic acid, also widely used in candles, has
one of the longest smoke points of the waxes tested.

It is not possible to match both wick diameter and wick length in smoke point
tests of different fuels. Figure 3 shows that wick diameters of 4.5mm required
interpolated wick lengths of 7.0-11.3 mm at smoke points. Because of heat losses
discussed above, some of the increase in smoke points from left to right in
Figure 3 may be a result of increasing wick lengths.

Figure 4 shows the interpolated smoke points of Figure 3 plotted with respect
to carbon number. Carbon number has been used extensively in past correlations of
sooting propensity (Calcote & Manos, 1983; McEnally & Pfefferle, 2007; Olson et al.,

’ I v I v T T

120 - OPG liquid _

L alkanes |

100 i

E B ]

f. 80 |

£ i -
c
-

o ) -

& 40
alkenes “Present Waxes
20 - alkane ¢ a
alcohol n
' _acid 4
0 i 1 " 1 N 1 .

Carbon Number

Figure 4 Measured laminar smoke points versus fuel carbon number. Values for waxes are interpolated to
a wick diameter of 4.5mm. Values for liquids come from OPG (Olson et al., 1985) and involve a wick
diameter of approximately 5.5 mm. The least-squares linear fits have these equations: y=—1.03x+ 88.3
(present waxes); y=—9.04x + 187 (OPG liquid alkanes); y=0.341x +42.4 (OPG liquid alkenes).
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1985; Schalla & McDonald, 1955). Commercial waxes could not be included here
because their representative carbon numbers are unknown. A reasonable correlation
with carbon number is obtained for the present waxes, with smoke points decreasing
with increasing carbon number. The present carboxylic acids fall above the corre-
lation, owing to increased fuel oxygen content.

Also included in Figure 4 are smoke points for liquid alkanes and alkenes,
measured in a wick lamp with forced co-flow by Olson et al. (1985). Neither that
study nor any other past study has reported smoke points or sooting propensities
of alcohols or acids. The present measurements for alkanes extend the upper limit
of carbon number for which smoke points are available from 12 to 36. The Olson
et al. (1985) alkane smoke points decrease more quickly with carbon number than
the wax alkanes do. This is probably because smoke points approach infinity as
carbon number approaches zero. The Olson et al. (1985) alkenes have increasing
smoke points with carbon number because in these fuels, the ratio of C-C double
bonds to single bonds decreases with increasing carbon number.

The smoke-point data of Figure 4 is plotted in Figure 5 with respect to fuel
C/H ratio. These axes allow inclusion of the two alkane polymer measurements of
Tewarson (1986). Like carbon number, C/H ratio has been used in past correlations
of sooting propensities (Calcote & Manos, 1983; Schug et al., 1980). Figure 5 shows
that sooting propensity generally increases with increasing C/H ratio, as expected.
This plot collapses the alkanes, alkenes, and alcohols into a single correlation, such
as the power law shown. This correlation captures the expected behavior as carbon
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Figure 5 Measured laminar smoke points versus fuel C/H ratio. Values for waxes are interpolated to a
wick diameter of 4.5mm. Values for liquids come from OPG (Olson et al., 1985) and involve a wick
diameter of approximately 5.5mm. Values for alkane polymers come from Tewarson (1986). The least-
squares fit is for all measurements except the acids and has the equation y =0.279x~ "¢,
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number approaches zero, which facilitates a single correlation of both the liquid and
wax alkane smoke points.

The alkanes, alkenes, alcohols, and acids in Figure 5 have C/H ratios of
n/(2n+2), 0.5, n/(2n+2), and 0.5, respectively, where n is carbon number. For a
given carbon number, alcohols and alkanes have identical C/H ratios and similar
smoke points, and thus are correlated by the same fit. The curve fit in Figure 5 also
captures the increased C/H ratio and decreased smoke points of liquid alkenes. The
acids, with their low sooting propensities and high C/H ratios, are not correlated by
this fit. The C-O double bond in each acid molecule increases C/H ratio and moves
acids well to the right of the fit in Figure 5.

While the smoke-point trends observed for waxes arise largely from gas-phase
processes, they also may be associated with liquid properties such as melting point,
boiling point, viscosity, and surface tension. These complex aspects of wick-fed
flames are not present in gas-jet flames. Thus, the present findings are most relevant
to the burning of waxes in candles and may require further confirmation before they
are applied to other flame systems such as pool fires.

CONCLUSIONS

Laminar smoke points of 14 waxes were measured in candles burning in quiesc-
ent air. Wick diameters were 1.7-7.3 mm. These are the first measurements of smoke
points or other sooting propensities of candles, waxes, alcohols, or acids. This study
increases from 6 to 20 the number of compounds that are solid at room temperature
and for which smoke points are available and extends to 36 the fuel carbon number
for which sooting propensities are available. This work has led to the following
conclusions:

¢ Candle smoke points increase with wick diameter and, for the fuels and wicks
considered, vary from 37-89 mm. It is important to include wick diameter and
length when reporting smoke points of wick-fed flames.

e Smoke points could not be obtained for any wax with wick diameters less than
1.7mm or wick lengths shorter than 5.9 mm. Candles with larger wick diameters
require shorter wick trimming to prevent soot emission.

e When interpolated to 4.5 mm diameter wicks, the present smoke points were found
to increase from commercial waxes to alkanes to alcohols to acids and to vary from
41-80 mm. For the common candle waxes, it was found that paraffin and beeswax
had high sooting propensities and stearic acid had a low sooting propensity.

e Smoke points of the present waxes were found to be correlated with carbon
number and to decrease with increasing carbon number.

e C/H ratio was found to accurately correlate the smoke points of alkane and
alcohol waxes, alkane and alkene liquids, and alkane polymers. Smoke points
for these fuels decreased with increasing C/H ratio. Smoke points of carboxylic
acids were not correlated by C/H ratio.

These findings are significant for their importance in the manufacture of cleaner
burning candles and for revealing the importance of considering wick diameter
and length effects during testing of smoke points of liquid fuels such as aviation fuel.
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