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Comparison of hypothetical LNG and fuel oil fires on water
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Abstract

Large spills of refined petroleum products have been an occasional occurrence over the past few decades. This has not been true for large
spills of liquefied natural gas (LNG). This paper compares the likely similarities and differences between accidental releases from a ship of
sizable quantities of these different hydrocarbon fuels, their subsequent spreading, and possible pool-fire behavior. Quantitative estimates are
made of the spread rate and maximum slick size, burn rate, and duration; effective thermal radiation; and subsequent soot generation.
Published by Elsevier B.V.
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1. Introduction

Most unconfined oil spills do not provide suitable condi-
tions for a pool-fire because the oil slick forms a thin film
and rapidly weathers, losing its volatile and more flammable
components. Occasionally[1], an accident will occur with
spill leakage, accompanied by fire and explosion and caus-
ing a pool-fire near the ship. Response procedures, based on
previous case histories, have been developed to handle such
situations. Case histories for liquefied natural gas (LNG)
vessel accidents are more rare. Moreover, important differ-
ences exist between LNG and refined oil fires that can affect
response tactics. This paper compares the likely similarities
and differences between vessel accidental releases of sizable
quantities of these different hydrocarbon fuels, their subse-
quent spreading, and possible pool-fire behavior.

2. Slick spreading

When a buoyant petroleum product is spilled on the wa-
ter it begins to spread. The Fay formulas[2] and other early
spreading algorithms examined the properties of idealized
spreading on calm water of a floating insoluble chemical
such as oil. When the slick is relatively thick, gravity causes
the oil to spread laterally. Later, interfacial tension at the
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periphery will be the dominant spreading force. The main
retarding force is initially inertia, followed by the viscous
drag of the water. Fay, therefore, separated spreading into
three phases: gravity–inertial, gravity–viscous, and surface
tension–viscous. Jeffery[3] did not observe the three sepa-
rate phases and Lehr et al.[4] noted that the results of the
Fay model differed considerably from measured values of
experimental spills. However, versions of the Fay spread-
ing algorithms are used to model LNG spreading in most
existing models. Hence, it will be used in this comparison
between fuel oil and LNG fires on water.

Definingg′ as the reduced gravitational constant,

g′ = g

(
1 − ρl

ρw

)
(1)

whereρl (ρw) is the oil (water) density. We will use the
standard assumptions made for inertial spreading[5]. The
slick spreads radially, and the slick thickness gradient from
the center to the leading edge is small. Ifr is the leading
edge andh is the center thickness, then the radial accelera-
tion of the edge, neglecting mass loss due to burn rate and
evaporation, is[6,7]

d2r

dt2
= −εg′ h

r
(2)

Here,ε is a parameter that is usually empirically determined
for each particular oil. Dimensionless values range from 1.33
to 2 (see Conrado and Vesovic[8] for a discussion of ap-
propriate choices for this parameter). Serag-Eldin[9] adds
an extra term to the right side of this equation for continu-
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ous spills to account for the direct effects of the source on
spreading.Eq. (2)can be integrated[7] to yield

dr

dt
=
√

εg′h (3)

This equation can be integrated to yield the standard Fay
gravity-inertial formulas for an instantaneous release of vol-
ume,V0, of

r =
√

t
√

k1εg′V0 (4)

and for a continuous spill of ratėV0

r = 4

√
t

√
k2εg′V̇0 (5)

Based on geometrical considerations, Briscoe and Shaw[7]
used the constantsk1 = 4/π andk2 = 9/16π.

Larger slicks can transition from gravity–inertial to
gravity–viscous spreading. For an instantaneous spill, this
time is given as[10]

t = k3

(
V0

g′νw

)1/3

(6)

whereνw is the kinematic viscosity of water. Dodge et al.
[10] setsk3 = 2.6, if the other terms are expressed in MKS
units. For a typical diesel fuel oil, a 500 m3 spill would
theoretically make the transition in 30 min (Fig. 1). The time
is only slightly smaller for an LNG spill.

These times are longer than expected burn times for
instantaneous spills[11]. Thus, if either a fuel oil or an
LNG spill is immediately accompanied by a sufficient ig-
nition source and subsequent pool-fire, it is doubtful that

Fig. 1. Initial spill volume vs. time for the transition from gravity–inertial to gravity–viscous spreading for a large diesel spill.

the slick will transition from gravity–inertial spreading to
gravity–viscous spreading. This may not be the case if ig-
nition is delayed. The slick may continue spreading, either
until it transitions into surface tension–viscous spreading
or reaches some practical minimum thickness. Dodge[10]
suggests that an oil slick stops spreading when the thick
part of the slick reaches a thickness of 0.1 mm.

Opschoor[6], based on earlier studies, recommends a
larger minimum average thickness of 0.17 cm for an LNG
slick. Based onEqs. (4) and (6), an instantaneous LNG spill
will reach minimum thickness around the time of transi-
tion if the initial volume is approximately 200 m3. This, of
course, does not take into account the mass loss due to evap-
oration, a much more significant factor for LNG than for
the average fuel oil. The transition time to gravity–viscous
spreading increases as the cube root of the initial volume,
whereas the time to reach minimum thickness, based on
Eq. (4), increases as the square root of the initial volume. For
very large spills this suggests that if the Fay assumptions are
valid, LNG spills on water may transition to gravity–viscous
spreading. The reason existing models do not consider this
transition may relate to the much smaller experimental vol-
umes utilized compared to those necessary to reach the tran-
sition before minimum thickness is achieved. Thus, far, the
scant experimental data[8,12] do not indicate any transition
in spreading mechanism.

If the spill of LNG or fuel oil is accompanied by an
immediate ignition of the spilled product, then the volume,
V, of the slick will vary over time according to the equation

dV

dt
≡ V̇ = V̇0 − ḣA (7)
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with A as the spill area anḋh as the burn regression rate. In-
stantaneous spills can be included by expressingV̇0 as a delta
function. Experiments of LNG pool-fires on water indicate
that the burn regression rates vary from 0.4 to 1.0 mm/s[13].
For larger continuous releases, the LNG burn regression rate
has been estimated as 0.25 mm/s[14]. The reason for a de-
crease in the regression rate for these larger spills may be
due to incomplete mixing with the air. The burn regression
rate for fuel oils varies with the product and the weather-
ing state. For large experimental spills of fresh gasoline and
diesel, Chatris et al.[15] found that the burn regression rate
varied from 0.03 to 0.1 mm/s. Although the LNG slick will
continue to burn at any thickness, fuel oil slicks thinner than
2–3 mm will not support combustion[16].

Although the thickness of the slick will not be uniform,
the variation in thickness will be small in comparison to the
horizontal scale of the slick. If circular spreading is assumed,
V = hA = hπr2, and Eq. (3) can be expressed in terms
of area change rather than radius change. Differentiating
Eq. (7), then matching the area growth rate term in the two
resulting equations provides a second order equation in the
slick volume

d2V

dt2
= −2ḣ

√
επg′V + V̈0 (8)

Here, V̈0 is the rate of change of the leak source, which
we will take to be negligible. This would be true for an
instantaneous spill at times greater than zero or for long
continuous spills (e.g. a large tank with a small puncture).
Eq. (8)can then be integrated to yield

V̇ 2
0 − V̇ 2 = 8

3ḣ
√

επg′(V 3/2 − V
3/2
0 ) (9)

Fig. 2. Maximum volume of LNG on the water vs. spill rate for a burning pool-fire.

For an instantaneous spill, the largest amount of oil or
LNG on the water would obviously be right after the spill
event. If the release is long and continuous, the volume
of oil or LNG on the water will increase until the amount
being burned equals the amount being spilled. The maximum
volume of product on the water for a continuous spill is
found whenV̇ = 0 in Eq. (9). This yields a maximum
volume,Vmax, of

Vmax =
(

3

8ḣ
√

επg′ V̇
2
0

)2/3

(10)

Fig. 2 shows the expected maximum volume versus spill
rate for an LNG continuous spill.

The maximum area of the slick, except for very small
leak rates, does not coincide with the area of the slick at
maximum volume, since the slick will continue to spread
until it reaches minimum thickness. Opschoor[6] provides
an approximate formula for maximum area for an instanta-
neous spill. By equatinġV in Eqs. (7) and (9), it is possible
to solve for maximum slick area as a function of minimum
thickness,hmin, burn regression rate, and source leak rate

Amax = 1

9ḣ2

[√
16επg′h3

min + 18ḣV̇0 − 4
√

επg′h3
min

]2

(11)

This is approximately twice the size of the area that can be
sustained by a source of strengthV̇0 and hence should be
reconsidered a mathematical artifact. The slick will break
up and shrink until its area is just enough to balance the
volume removed by burning with the volume added by the
leakage. For a leaking source that is long compared to the
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time of the burn, the final area,Af , is

Af = V̇0

ḣ
(12)

which represents a practical estimate for the size of the
slick.

3. Evaporation

Even if the spilled oil or LNG does not ignite immediately,
the liquids will still be subject to removal by evaporation.
LNG is typically composed of approximately 95% methane,
with the remaining percentage a mixture of ethane and other
higher hydrocarbons. Since methane has a boiling point of
112 K, it will flash boil when it comes in contact with water.
Assuming that the water body is adequately large to act as
a vast heat source, the interfacial turbulence between the
LNG and water should be sufficient to keep the water–LNG
temperature difference approximately constant. The mass
evaporation rate per unit area,ṁevap, is given by

ṁevap= he �T

L
(13)

whereL is the specific latent heat of vaporization,he is a heat
transfer coefficient, and�T is the temperature difference
between the LNG and water. Opschoor[6] suggests a typi-
cal mass evaporation rate of about 0.05 kg/(m2 s). The NG
vapors will form a flammable cloud above the LNG slick.
Dilution of this cloud will depend on specific atmospheric
conditions. The remaining liquid will continue to be fraction-
ally enriched by the non-methane hydrocarbons. Conrado
and Vesovic[8] point out that eventually the slick will tran-
sition from a methane-dominated, film boiling regime to an
ethane-dominated, metastable, transitional regime. This will
reduce the evaporation rate. Nevertheless, the vapor above
such a slick should still be considered a fire risk.

The fire risk from fuel oil spills is another matter. The
evaporation rate is much less than LNG and the proportion-
ally higher evaporative loss of the volatile components over
other components can play a factor in assessing the flamma-
bility risk. While the results of evaporation are well known,
the dominant physical mechanisms are still a matter of dis-
cussion among experts in the field[17,18]. Nevertheless, it
is generally agreed that the volatile components are more
rapidly depleted than others in the hydrocarbon mixture that
comprises a typical fuel oil.

The USCode of Federal Regulations grades transported
liquid fuels according to their flash point. Any liquid with
a flash point greater than 80◦F (26.7◦C) is considered
non-flammable. Diesel and heavier fuel oils have initial
flash points higher than this value. However, according
to a study by Jones[19], about 85% of a gasoline spill
must evaporate before it weathers to a nonflammable liq-
uid. Therefore, it seems prudent to consider gasoline spills,
particular confined spills, as a potential fire risk.

4. Emissive power and smoke generation

For the large fires discussed in this paper, the solid-flame
radiation model is the most widely used. This model assumes
a cylindrical flame equal in area to the circular slick. The
flame is assumed to radiate uniformly over the cylinder’s
entire surface, mostly in the visible range. Because of their
size, fires from large spills are considered to be optically
thick. The incident thermal radiation,I, is a product of the
average emissive power at the flame surface,Eav; an at-
mospheric transmissivity factor,τ; and a geometric view
factor,F.

I = EavFτ (14)

When LNG burns, it produces minimal amounts of smoke,
although large LNG fires, such as those discussed in this
paper, will show some smoke dampening[20]. The maxi-
mum emissive power of LNG is reported to be in the range
of 200–270 kW/m2 [11,21]. Due to the smoke dampening,
the actual surface emissive power falls off as the burning
slick size grows larger, thus the lower emissive power value
is probably more appropriate for large fires.

Mudan[20] determined that smoke generation rapidly in-
creases when the carbon to hydrogen ratio exceeds 0.3. This
would not be the case for fresh LNG but certainly would
be for fuel oils, particularly for intermediate and heavy fuel
oils. The burn regression rate for such oils was discussed
earlier. Some controversy exists over the mass fraction of
oil, Y, which is turned into smoke. Fraser et al.[22] noted
that the fraction increases with increasing slick size and sug-
gested the correlation (MKS units)

Y = 0.1 + 0.03 log10(2r) (15)

However, results from an experimental burn off the coast
of Newfoundland showed a slightly larger smoke yield than
predicted byEq. (15) [23].

The smoke emission rate can be determined by calculat-
ing the burn volume rate of oil times the emission fraction.
The resulting plume will be driven by two factors, the smoke
generation process itself and the heat produced by the fire,
which provides buoyant lift to the smoke plume and deter-
mines, along with atmospheric stability and wind speed, the
terminal height of the smoke. Two common models used to
predict smoke plume trajectories are the Brigg’s bent-over
plume model[24,25]which provides an analytical estimate,
and the ALOFT model[26], which uses a numerical ap-
proach. Both models often show that the smoke plume gen-
erates a minimal health risk except very near the burn site,
although individual circumstances vary. Barnea et al.[27]
note that monitoring of planned oil slick burns for smoke
concentrations is feasible if health risks are a factor.

The smoke from burning oil will dampen the radiation
effects of the fire since the thermal radiation from black
smoke is low, around 20 kW/m2. This dampening is inter-
mittent, as the generated smoke may sometimes clear, al-
lowing radiation from the flames to escape. Mudan[20]
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suggests fractionally combining the thermal radiation from
the luminous spots and the black smoke to get an average
emissive power estimate. The SFPE Handbook[11] com-
bined liquid pool-fire data for gasoline, kerosene, and JP-5
and suggests the following correlation to determine average
emissive power,Eav, of large, sooty hydrocarbon fires:

Eav = Eme−2Sr + Es(1 − e−2Sr) (16)

where the maximum emissive power of the luminous spots,
Em, is 140 kW/m2, the emissive power of smoke,Es, is
20 kW/m2, the pool radius isr, and a parameter deter-
mined from experimental data,S, is 0.12 m−1. For the large
pool-fire considered in this paper, this method yields an
emissive power estimate considerably lower than the LNG
results.

While virtually all of the LNG slick will be consumed in
the pool-fire, the fuel oil slick will cease combustion before
all the oil is burned, leaving a residue of mostly unburned
oil with some of the more volatile fractions removed[28]. In
some instances, this residue is reported to become negatively
buoyant and sink. The factors that would make this happen
for certain fuel oil fires and not for others are not completely
understood[28].

5. Flame geometry and atmospheric transmissivity

The view factor,F, is calculated assuming the pool-fire’s
flame is shaped as a vertical placed cylinder[29] with the
flame heightLf representing the cylinder height. Flame
height for such a fire is often estimated using some form of
the Thomas equation[30]

Lf = CTr

(
ḣρl

ρair
√

2gr

)0.61

(17)

Fig. 3. Average radiative heat flux at 500 m from pool edge for a 500 m3 release of LNG and fuel oil.

Table 1
Relationship between visibility, atmospheric condition, and absorption
coefficient

Reference Visibility (km) Atmospheric condition k

[31] 40–80 Clear to very clear 0.1–0.003
[31,32] 20 Clear 0.2–0.4
[21] 10 Light haze 0.4
[21,31,32] 4–5 Haze 1.0
[21,31,33] <2 Foggy, smoky, thin fog 0.4–2.0

whereρair is the air density. The correlation term,CT, is
sometimes expressed as a weak function of the wind speed.
However, it must be noted that the correlation inEq. (17)
is based on small-scale pool-fires. Extrapolating to larger
burns, as discussed in this paper, increases uncertainty in the
model predictions.

Thermal radiation transmitted from a pool-fire to an object
can be reduced considerably due to absorption and scattering
from the atmosphere. Based on work of thermal radiation
transmitted from a nuclear bomb explosion, Glasstone and
Dolan [31] indicate the attenuation by the atmosphere,τ,
due to absorption, is given by

τ = exp(−kx) (18)

wherex is the distance from the pool-fire to an object, and
k is the absorption coefficient. Lees[21] provides a litera-
ture review of values for attenuation coefficients based on
atmospheric conditions (Table 1).

6. Example 500 m3 instantaneous spill

An idealized example of a 500 m3 instantaneous spill with
accompanying ignition source illustrates some of the ex-
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pected differences between pool-fires of LNG or a light fuel
oil (API = 32). The volume of 500 m3 is large but not un-
reasonable for an LNG vessel, in which a single tank can
contain as much as 25,000 m3. Assuming that the liquid is
released instantaneously is, of course, an idealization. Some
leakage time would be involved no matter how large the hole
in the damaged container.

Calculation of the radial spread velocity for either LNG or
the fuel oil shows a velocity after a few seconds of less than
1 m/s, followed by a rapid deceleration as the slick continues
to spread, but at a slower rate. This rate compares with a
horizontal flame spread rate for LNG of several times this
speed[13]. Presumably, a similar case would hold for the
fuel oil fire. Therefore, we can assume a cylindrical flame
equal in area to the circular spreading slick.

The maximum burn time of the LNG would be around
2–3 min, leaving little residue on the water. The fuel oil fire
would burn more slowly, on the order of 8 min, leaving a
residue of approximately 6–7 percent of the initial volume,
assuming a 1-mm-residue thickness.Fig. 3 shows the aver-
age emissive power for a hypothetical instantaneous release
of 500 m3 of LNG and fuel oil under clear atmospheric con-
ditions.

We must stress that this calculation is based on the ide-
alizations of instantaneous release and uniform thickness.
Actual fuel oil spills would spread out on the edges to a thin
sheen, which would not burn but would evaporate. The LNG
pool-fire would have a somewhat smaller radius and would
not form an idealized flame cylinder. The model output val-
ues are probably too high, reflecting the simplifications used
in the model. For example, at maximum radius and flame
height, the radiation fraction of combustion energy for the
LNG pool-fire is calculated as 0.21. Based upon experimen-
tal results[13], we would anticipate a somewhat smaller
value for a real fire. However, the qualitative difference in
radiative output between the LNG and fuel oil fire remains.

7. Final comparisons and conclusion

The preceding analysis demonstrates the likely similar-
ities and differences between vessel accidental releases of
sizable quantities of different hydrocarbon fuels, their sub-
sequent spreading, and possible pool-fire behavior. If there
is no immediate ignition source, both LNG and fuel oil spills
will spread and evaporate. If the initial spill is large enough,
there may be a transition to gravity–viscous spreading. Un-
like the typical oil spill, the LNG will evaporate rapidly,
creating a flammable atmosphere above the slick, and stop
spreading while the LNG slick is relatively thick. Oil will
spread thinner and is not likely to create a fire hazard except
for very light fuel oils such as gasoline.

If there is an ignition source at the beginning of the
spill, neither fuel oil nor LNG will spread beyond the
gravity–inertial phase. For a long continuous leak, the max-
imum volume on the water will not coincide with the max-

imum slick area. For operational purposes, the estimated
area of the slick will be such that the amount burned equals
the amount leaking. LNG will burn quicker and hotter than
a fuel oil fire [11]. While LNG pool-fires are relatively
smoke-free, fuel oil fires typically produce enough smoke
to reduce the radiation effects from the fire. Thus, an LNG
pool-fire will likely have a somewhat smaller area and
burn quicker, cleaner, and with considerably more thermal
radiation than a comparable volume of fuel oil.

Disclaimer

The conclusions and results of this paper do not neces-
sarily reflect the official views of the National Oceanic and
Atmospheric Administration or any other agency of the US
Government.
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