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Abstract

This paper reviews the available literature on soot, or smoke, production
during an in situ burn of oil. The purpose was to determine the range of smoke
yields generated by burning petroleum oils on water, and to determine the effects
of the size of the fire and the type of fuel which is burned. Forty-eight
publications were reviewed. The data from the literature is summarized in tabular
form. Graphs were prepared showing the relationship between soot production and
fire size (diameter) for various types of fuel oils and crudes. The natural
variability of fires and the challenges in measuring soot yields for large, outdoor
fires appears to preclude highly accurate, repeatable measurements. That said, it
seems that smoke yields from in situ petroleum fires range: from approximately 1
to 10% for fires less than 10 cm in diameter; from 5 to 15% for fires in the 10 to
100 cm diameter range; and, from 10 to 20% for fires greater than 1 m. For the
crude oil data sets, a statistical analysis showed that, with a fairly high degree of
confidence, smoke yield increases with fire diameter. On the basis of a simple
statistical analysis of the limited number of available data sets for identifiable oil
types it appears that most show roughly the same correlation of smoke yield with
fire diameter. Only an Arabian crude data set appeared to have a significantly
different smoke yield vs. fire diameter correlation slope.

An estimate of smoke yield for in situ crude oil fires can be obtained from:

Smoke yield (mass%) = 4 + 3 (log,, [fire diameter in cm])

The correlation coefficient for this fit is 0.697. Predictive equations with higher
correlation coefficients are presented for specific crude oils.

1.0 Introduction

In-situ burning is an attractive response tool for mitigating an oil spill on
water. This technique can be relatively quick, it minimizes problems of disposal
of collected oil and oily debris, and it takes less equipment than does collection of
the oil using booms and skimmers. However, one recognized drawback to in situ
burning is the smoke which is produced.

This paper reviews the available literature on soot production during in situ
burning of oil to determine the range of smoke yields generated by in situ burning
of petroleum oils on water, and to determine the effects of the size of the fire and
the type of fuel that is burned.
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2.0 Literature Review

Forty-eight papers were reviewed for this project. The papers are listed in the
Reference section and notes on each reference are presented in Table 1.

Graphical summaries that show the relationship between soot production and
fire diameter were prepared with the data from the papers. Only those data sets in
which soot yields were reported in mass of soot per mass of fuel were plotted.
The figures are grouped by fuel type, in pairs, as follows:

* Figures 1 &2 - Data from all sources

e Figures3 &4 - Data from petroleum fuels where fire size
information is available

e Figures 5 & 6 - Data from different refined fuels

¢ Figures 7& 8 - Data from different crude oils

¢ Figures 9 & 10 - Data from crude oils of known type

¢ Figures 11 & 12 - Data from crude oils with a third order polynomial

fit

The first graph in each pair (i.e., Figures 1, 3, 5, 7, 9 and 11) shows only the
data sets in which all of the soot particles were sampled by the experimental
technique. The second graph (i.e., Figures 2, 4, 6, 8, 10 and 12) also includes
data sets for which the reported soot yields have been adjusted to take into
account measurements (reported values of soot yield) which are known by the
investigator to need to be adjusted or, based on the report, are clearly lower than
the total amount of soot which is produced by the fire. For example, Einfeld and
Morrison (1996) note that the values they report for soot production (0.94-1.96%)
are probably only about one-half of the total amount of soot produced. Therefore,
their reported values were multiplied by two before recording them in Figures 2,
4, and 6. The methods used to correct these data are discussed in Table 1.

In Figures 3 through 10, least-squares regression fits to the data are shown
using a linear equation of the form y = b + m(log,x). These were used to assess
the effects of fire diameter and fuel type on soot yield.

Forty-eight papers were reviewed in preparing this study. There are more
papers available that deal with soot produced from hydrocarbon fires, but many of
these are not relevant to burning oil on water because the burn conditions were
not comparable. For example, several papers were reviewed that deal with smoke
produced from the burning oil from well fires in Kuwait in 1991. After reviewing
these papers, it became clear that the combustion conditions (and the resulting
soot yield) for a well fire are very different from in siru burning of oil on water
for the following reasons:

1. Water and low molecular weight hydrocarbon materials (methane, ethane,
propane, etc.) are produced in a well blowout and are involved in a well
fire. The addition of both water and low molecular weight hydrocarbons
will result in fires that produce less smoke than a typical oil pool fire,
e.g., from crude oil on water.

2. The vigorous turbulent mixing of air with the high velocity effluent from
a freely flowing, uncontrolled well blowout will result in much more
efficient combustion than will result from the relatively mild mixing
condition of in situ buming of oil on water, whether the in siru burn is
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characterized as being in the laminar flow regime or is nominally
turbulent.

Because the above understanding was not initially obvious, and because it is
instructive to show some citations that are not directly related to in situ burning of
oil on water, there are some references included in Table 1 that do not involve in
situ burning. These include references 1, 5, 6, 19, 23, and 24.

2.1 Figures 1 and 2: All Data Sets

Figure 1 shows the data from all the data sets reviewed that measured all soot
particle sizes using the experimental technique. The key to the symbols is given
on the following pages. The flow regimes, relating to ranges of fire diameters,
shown above the abscissa are based on Reynolds numbers estimated by Hottel
(1959) for data from Blinov and Khudiahkov (1957). The terms used in
calculating the Reynolds number were pan diameter, liquid burning velocity,
liquid density and cold fuel vapor viscosity (see Hottel, 1959 for a full
derivation). There is considerable scatter in the data (which may be due to the
variable nature of fires, including the absence of a vigorous burn phase in some
large-scale experiments); however, some general trends are apparent. In the
laminar flow regime (diameters up to approximately 10 cm) soot yields vary
widely, from about 1% to greater than 10%. In the transition zone (10 to 100 cm
diameter) yields range from 5 to 15%. In the turbulent regime (greater than 100
cm diameter) soot yields range from 10 to 20%.

Figure 2 is a variation of Figure 1 in which the data sets that reported soot
yields for particle diameter less than 10 microns (PMo) or less than 3.5 microns
(PM, 5) are shown. Table 2 relates the particle diameter selected to the cumulative
mass percentage of the smoke (from McGrattan et al., 1997). These soot yields
were adjusted, as noted in Table 1, to reflect sampling all particle sizes.
Comparison of Figures 1 and 2 shows that several of the data sets with adjusted
soot yields fall below the general trend, particularly the data from Einfeld and
Morrison (1996) for JP8 (shown as the symbol B on Figure 2), that of Radke et
al. (1990) for JP4 (shown as the symbol M on Figure 2) and the data from two
100 m diameter crude oil pool fires in Kuwait (Laursen et al., 1992 - shown as
the symbol U).

2.2 Figures 3 and 4: All Oil Types

Figure 3 shows the data used in Figure 1 for which smoke yield is available,
for an identifiable oil type, over a range of fire sizes. The least squares
correlations are shown in order to determine whether or not fuel type plays a role
in smoke yield. The jet fuel data at 5 cm diameter is included because it was used
in Figure 4.

A statistical analysis of the data in Figure 3 is given in Tables 3 and 4.
Kerosene was not included in the comparison of Table 4 because of the low
number of data points. This analysis indicates that smoke yield from Arabian
crude is significantly different (higher slope) than that of any other fuel at a 95%
confidence limit and that Alberta Sweet Mixed Blend (ASMB) crude is different
(higher slope) than Louisiana crude at the same confidence limit. Interestingly, the
statistical analysis indicates that there is no significant difference between diesel
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and any other fuel (except, of course, Arabian crude). Additional discussion of the
effects of fire diameter for various groups of fuels follows.

Figure 4 shows the same as Figure 3, with the addition of the adjusted data
sets that did not involve collecting all particle sizes. In this case the data for jet

fuels appears considerably different from all other fuels. This may be an artifact
of the experimental techniques used in obtaining these data points.

2.3 Figures 5 and 6: Refined Fuels

Figure 5 shows the smoke yields (for experiments that measured all particle
sizes) for refined fuel bumns only. The data are the same as given in Figures 1 and
3 and are plotted only to more clearly show the trends for refined fuels. There
appears to be a trend of increasing soot yield with increasing fire diameter for
diesel fuel but the correlation coefficient given in Table 3 is low - 0.459 - giving
little confidence in the trend. The correlation coefficients for the least squares fits
for kerosene in Table 3 is so low - 0.051 - that no correlation between smoke
yield and fire diameter is indicated. This is likely due to the low number of data
points for kerosene over a small diameter range.

Figure 6 shows the same as Figure 5 with the addition of the extra adjusted
data sets. Again, the anomalous trend of the adjusted jet fuel data is apparent.

2.4 Figures 7 and 8: Crude Oils

Figure 7 shows the smoke yields (again from Figures 1 and 3) for identifiable
crude oils for which data over a range of fire diameters was available. The
ASMB, Alaska North Slope (ANS) and Arabian crude data all have linear
regression correlation coefficients (see Table 3) higher than 0.85, indicating a
reasonable fit of a straight line to a semi-log plot of the data. The correlation
coefficient of 0.645 for the Louisiana crude data is less satisfactory. As noted in
Table 3, the slope of the least squares regression for Arabian crude is significantly
higher than all the others. The slope of the ASMB crude data is also significantly
different from that of the Louisiana crude. All the rest of the data sets are not
significantly different. Figure 8 shows the same data, with the inclusion of some
extra adjusted data points for ASMB crude from the NOBE burns reported in Ross
et al. (1996). Visually, this makes little difference to the linear fit to the data.

2.5 Figures 9 and 10: Crude Oils Fit with First Degree Polynomial

Figure 9 shows a linear regression straight line fit to all the crude oil data for
which all smoke particle sizes were sampled. This includes some data not in
Figure 7, specifically for Cook Inlet crude and Norman Wells crude, since these
were available from only one fire diameter. The least squares correlation
coefficient to a semi-log plot of these data is 0.697.

Figure 10 shows the data of Figure 9 plus the adjusted crude oil data (the
NOBE results from Ross et al., 1996 and the Kuwait pool fire data from Laursen
et al., 1992). The correlation coefficient is reduced to 0.595 by the inclusion of
the adjusted smoke yields.
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2.6 Figures 11 and 12: Crude Oils Fit with Third Degree Polynomial

The effects of the turbulence regime on crude oil soot production is explored
in Figures 11 and 12, which show a third order polynomial fit to the semi-log data
for crude oils. There is no physical significance to this sort of fit, but it does
illustrate that the data behave in a manner that one would expect.

Soot yields initially decline in the laminar fire zone, i.e., up to about 10 cm
diameter (with declining burn rates after Hottel’s, 1959, analysis of Blinov and
Khudiakov's, 1957, data shown on Figure 13), followed by an increase in soot
yield with fire diameter through the transition zone, i.e., from about 10 to 100 cm
diameter (with increasing burn rate), followed by a levelling off in the turbulent
zone, i.e., above about 100 cm diameter, as air flow into the fire begins to
control the soot yield (and burn rate). The apparent decline in smoke yield at very
large diameters may represent some other process occurring, such as increased
radiation to the fuel surface, the onset of oxygen deprivation in the center of the
fire, or the fire splitting into smaller zones that permit better aeration.

On the other hand, the apparent variation of soot yield with fire diameter may
simply reflect variability in the data.

3.0 Conclusions

Some of the references give data for soot production from burning of
hydrocarbon materials other than crude oils on water. The data in these references
indicate:

1. Pool fires from aromatic hydrocarbons such as toluene appear to produce

much more soot than similar fires with crude oil.

2. Pool fires of lower molecular weight non-aromatic hydrocarbons (hexane,
heptane, nonane, etc.) produce an order of magnitude less soot than crude
oil fires.

3. Burning asphalt shingle fires produce about the same amount of soot as
crude oil fires.

It is difficult to draw all but very general conclusions from the data. The
natural variability of fires and the challenges in measuring soot yields for large,
outdoor fires, appears to preclude highly accurate, repeatable measurements. That
said, it appears that smoke yields from in situ petroleum fires range from
approximately: 1 to 10% for fires less than 10 cm in diameter; 5 to 15% for fires
in the 10 to 100 cm diameter range and from 10 to 20% for fires greater than 1
m. For the crude oils, the statistical analysis shows that, with a fairly high degree
of confidence, smoke yield increases with fire diameter. On the basis of a simple
statistical analysis of the data sets for identifiable oil types it appears that only
Arab crude has a significantly different smoke yield vs. fire diameter correlation
than the other fuels, which generally do not have significantly different correlation
slopes from each other.

A rough estimate of smoke yield for in situ crude oil fires can be obtained
from:

Smoke yield (mass%) = 4 + 3 (log,, [fire diameter in cm])

The correlation coefficient for this fit is 0.697. Predictive equations with

higher correlation coefficients could be developed for specific crude oils.
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Table 2: Approximate Soot Mass Fraction as a Function of Particle Size

Particle Aerodynamic Size (um) | Cumulative Mass (%)
All 100
PM-10* 87
PM-5 67
PM-3.5 58
PM-2.5 82
PM-1.0 50

* PM-10 means that this size range includes all
Particulate Matter less than 10 um in diameter
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KEY TO SMOKE YIELD GRAPH

REF.

NO, REFERENCE AND OIL TYPE

3 Day et al. (1979) - crude oil not specified

Einfeld and Morrison (1996) - JP8 corrected
23 Fleischmann et al. (1990) - No. 2 fuel oil
7 Evans et al. (1986) - ANS crude
Evans et al. (1987) - ASMB crude

9 Evans ef al. (1988) - ASMB crude

17 Evans et al. (1991) - Arab/Murban mixed crude
17 Evans et al. (1991) - Diesel

17 Evans et al. (1991) - Louisiana crude

18 Evans er al. (1992) - Murban crude

18 Evans et al. (1992) - Louisiana crude (excl. water test)
28 McGrattan et al. (1993) - Louisiana crude

28 McGrattan et al. (1993) - ANS crude

28 McGrattan et al. (1993) - Cook Inlet crude

44 Walton et al. (1993) - Louisiana crude

43 Ross et al. (1996) - NOBE corrected

45 Walton et al. (1994a) - NOBE

46 Walton et al. (1994b) - Diesel
26 Koseki et al. (1991) - Arabian light crude

47 Walton et al. (1995) - Diesel

27 Laursen et al. (1992) - Kuwait oil pool fires (corrected)
38 Moir et al. (1993) - NW crude

38 Moir et al. (1993) - Jet A

38 Moir et al. (1993) - Jet B

38 Moir et al. (1993) - Kerosene

31 Mitchell (1990) - ASMB crude

31 Mitchell (1990) - ANS crude



» o P

39
40

40

40

40

48

42

Mullholland et al. (1988) - ANS crude

Patterson et al. (1991) - Kerosene

Patterson et al. (1991) - No. 2 Diesel
Patterson et al. (1990) - No. 5 Diesel
Patterson et al. (1991) - asphalt

Wighus (1991) - SBP 140/165 (like kerosene)

Radke et al. (1990) - JP4 (corrected)
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