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A methodology to perform consequence analysis associated with liquefied natural gas (LNG) for a deep-
water port (DWP) facility has been presented. Analytical models used to describe the unconfined spill
dynamics of LNG are discussed. How to determine the thermal hazard associated with a potential pool
fire involving spilled LNG is also presented. Another hazard associated with potential releases of LNG
is the dispersion of the LNG vapor. An approach using computational fluid dynamics tools (CFD) is pre-
sented. The CFD dispersion methodology is benchmarked against available test data. Using the proposed
analysis approach provides estimates of hazard zones associated with newly proposed LNG deepwater
ports and their potential impact to the public.
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1. Introduction

Natural gas is one of the major sources of energy for the United
States. Annual natural gas consumption is projected to be 30.7 tril-
lion cubic feet in 2025. One way to meet the growing demand is to
import liquefied natural gas (LNG) from places around the globe.
Net imports of natural gas are projected to supply 28% of total US
consumption in 2025 (EIA, 2005). Several new deepwater ports are
being proposed to serve as receiving, storage and regasification facil-
ity for these imports. The facilities are capable of delivering billions
of cubic feet of natural gas per annum (Safe Harbor Energy, 2010).

With such large volumes of LNG being considered for transpor-
tation, storage and processing, there is a need to assess the risk to
the general public from proposed facilities (GAO, 2007). Risks are
directly related to the consequences from potential events, both
accidental and intentional. Accidental or intentional (due to sabo-
tage or attack) spill of LNG might lead to several consequences of
concern, such as, fires, vapor cloud explosion, cryogenic contact
hazards and asphyxiation.

When LNG spills over water, it vaporizes rapidly and forms a
low lying cloud. An LNG spill might pose a risk of asphyxiation
from vaporization if the gas concentration is sufficiently high to re-
duce the ambient oxygen concentration below tolerable levels in
the vicinity of the spill. LNG vapor is colorless, but due to its very
low temperature, entrained water vapor in the atmosphere is con-
densed and produces a visible cloud. This cloud is transported in
the downwind direction by the wind.

Initially when the cloud comes in contact with the air, it cools
the air, keeping the mixture denser than the ambient air. Depend-
ll rights reserved.

. Clutter).
ing on the atmospheric stability and wind speed the cloud might
become buoyant and lift off the surface. The density of the cloud
decreases as it moves downwind. The cloud mixes with the air as
it moves and when concentrations of methane reach between the
lower and upper flammability limits (LFL and UFL), the mixture
can sustain a flame if ignited.

Fig. 1 shows a schematic of the LNG spill and evaporation with
the possible hazard types associated at different times of ignition
of the vapor cloud. If flammable portions come in contact with
an ignition source, a vapor cloud fire can result which may propa-
gate back to the spill point to burn as a pool fire. If the vapor cloud
reaches a location with some confinement and an ignition source is
present, an explosion in the form of a deflagration may result.

The LNG release scenarios for most proposed deepwater ports
(DWPs) are those on the open water, other than the facilities in
the immediate vicinity of the release. Therefore explosions are
not typically of concern when considering impact to the general
public who are some distance away. Therefore here the focus is
on methodologies to resolve the spilling and the pool fires and va-
por dispersion that may occur.

The objective of this paper is to provide a description of a pro-
ven methodology useful in performing analysis of such events. The
focus is on how to provide information useful in quantifying the
potential impact to the public. Such information is routinely
needed to support studies such as independent risk assessments
(IRAs).
2. Consequence analysis methodology

The methodology to perform consequence analysis for a DWP
location is shown in Fig. 2. The first step in considering the conse-
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Nomenclature

R pool radius (m)
t time (s)
Ks spreading constant
g acceleration due to gravity
qw density of water (kg/m3)
ql density of LNG liquid (kg/m3)
d thickness of LNG layer (m)
At cross-sectional area of the tank (m2)
Cd coefficient of discharge
g acceleration due to gravity (9.81 m/s2)
Ah area of the hole or puncture (m2)
Vp instantaneous volume of LNG in the pool (m3)
w velocity at which the LNG is evaporating from the pool,

commonly referred to as regression velocity (m/s)
Ap instantaneous area of the LNG pool (m2)
_ymax vertical level of liquid level decrease (m/s)
DHc net heat of combustion, (55,500 kJ/kg can be used for

LNG)
DH⁄ modified heat of vaporization at the boiling point of the

liquid (kJ/kg). The modified heat of vaporization in-
cludes the heat of vaporization and an adjustment for
heating from the boiling point temperature of the liquid,
TBP (111.6 K for LNG), to the ambient temperature, Ta

(294 K)

Cp heat capacity of the liquid, (a nominal value of 2.19 kJ/
kg K can be used for LNG)

DHv heat of vaporization, (a nominal value of 510 kJ/kg can
be used for LNG)

H height of the visible flame (m)
D diameter of the pool (m)
_m00 mass burning rate = _ymax � ql
_ymax burning rate of the fuel (m/s)
ql fuel liquid density (kg/m3)
qa air density (kg/m3)
g acceleration due to gravity (9.81 m/s2)
u�10 nondimensional wind speed (assumed to be 1.0 for low

wind speeds)
uw measure wind speed at 10 m height (m/s)
qv vapor density at the boiling point of the liquid (kg/m3)
q incident radiant flux (kW/m2)
E average emissive power at flame surface (kW/m2), and

F12 = view factor
s atmospheric transmissivity, a nominal value of 0.8 can

be used
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quences related to new LNG DWPs is determining the release sce-
narios. Potential scenarios include accidents such as ship collisions
and intentional attacks using vessels, projectile weapons or explo-
sives. Accidental events can be quantified using public information
such as vessel traffic in the area of the proposed DWP. Using traffic
patterns the probability of an accident can be determined and
using specifics of the vessels in the area potential breaches in
LNG carriers can be calculated.

The specifics related to intentional events are sensitive in nat-
ure and are not disclosed in open literature. However like in the
case of accidents it is breach sizes that are needed to conduct the
consequence analysis. To address both the accidental and inten-
tional scenarios it is useful to hold a hazard identification work-
shop that involves participants familiar with the details of the
environment and operations in the area of the proposed DWP. Also
participants familiar with probable threats can aid in determining
credible intentional scenarios. A very good risk and hazard evalua-
tion framework has been discussed by Hightower and Luketa-Han-
lin (2006).
Fig. 1. Schematic of an L
From the specifics of the vessels in the area potential breaches
in LNG carriers can be calculated and from the specifics of credible
intentional scenarios potential breaches in the on-site LNG storage
tanks can be calculated. Step 2 involves identifying the bounding
breach scenarios with respect to hazards posed by a possible pool
fire and dispersion distance of the flammable LNG vapor in the
downwind direction. Step 3 involves determining the LNG pool
area from the spill for all different bounding scenarios. LNG spill
modeling is discussed in detail in Section 2.1. The pool diameter
is an important parameter in estimating the pool fire characteris-
tics and the dispersion distance of the flammable LNG vapor.

Step 4 involves determining thermal hazard due to radiating
heat flux from a pool fire. Section 2.2 discusses the method that
can be used to estimate the thermal hazard. In case the LNG spill
does not encounter an ignition source immediately after the spill,
LNG vapors travel downwind and might pose a hazard if the flam-
mable mass of LNG meets an ignition source away from the spill
location in the downwind direction. Step 5 involves determining
the distance to which the LNG vapor travels. Section 2.3 describes
NG spill over water.



Fig. 2. Framework for performing consequence analysis of potential LNG spills at
DWP facilities.
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the methodology to determine the dispersion distance using com-
putational fluid dynamics tools.

2.1. Spill modeling

Once the bounding scenarios resulting in LNG spill are identi-
fied, the next step is to model the spill from the LNG tanks to pre-
dict the area of potential LNG pools. The tanks can be either those
located on the LNG carriers or storage tanks at the DWP. The sever-
ity of hazards related to both dispersion and pool fires are propor-
tional to the pool size caused by the spilling. The spilling can be
analyzed using two different approaches. The more intensive ap-
proach involves computational fluid dynamics (CFD) modeling of
the spill. In case of a spill in a complex setting or from multiple
tanks, CFD modeling can simulate the spill dynamics more effi-
ciently by taking into account the interaction of the spills with
the objects in the vicinity of the tanks.

The other approach is to use analytical models to predict the
spill dynamics. Analytical methods give reasonable predictions
for the pool size and are derived from first principles. They are sim-
pler to use than the more intensive and computationally expensive
CFD modeling of the spill. Analytical methods lack the capability of
modeling the interaction of the spill from multiple tanks or envi-
ronmental elements. However, in a multiple tank spill scenario,
the methodology proposed here would produce a conservative
estimate of the overall pool size. Also since most DWP configura-
tions do not have elements that the spill would interact with, the
analytical approach is appropriate.

Several analytical models have been developed by various
researchers to predict the spread of LNG on water (Opschoor,
1980; Otterman, 1975; Cavanaugh et al., 1994; Raj and Kalekar,
1974; Shaw and Briscoe, 1978). Otterman (1975) showed that
while the formulations of these gravitational spread methods vary,
they give very similar results. The analytical model proposed here
is very simple to implement and is based on the work reported by
Fay (2003) and Hissong (2007). The model predicts the pool spread
over unconfined water surfaces and assumes that the spread is dri-
ven only by gravity. It ignores the action of waves and currents. The
model assumes that the frictional resistance to spreading is negli-
gible. This assumption results in larger estimate of the pool size so
the overall consequence estimates will be conservative.
The spill volume, spill duration, discharge rate, size and location
of the tanks’s breach and properties of the fluid are significant
parameters that affect the spill behavior. The puncture on the
tank’s side walls permit the LNG to flow out at a discharge rate
determined by the hydraulic head available. The emerging fluid
is less dense than the water and forms a pool. The pool spreads
horizontally because of the horizontal pressure gradient caused
by the gravitational force on the fluid layer. The spreading of the
fluid is controlled by gravitational force and the inertia of the fluid
(Briscoe and Shaw, 1980). The spreading rate of the fluid for a cir-
cular pool spread as suggested by Briscoe and Shaw (1980) and
Hissong (2007) can be expressed as:

dR
dt
¼ Ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

qw � ql

qw

� �
d

s
ð1Þ

The theoretical value of the spreading constant ðKsÞ for spread-
ing governed by the gravity-inertia regime as mentioned in the
study done by Raj and Kalekar (1974) is 1.16. Hissong (2007), sug-
gests using a higher value in order to match the experimental data.
The value used by Briscoe and Shaw (1980) is 1.41, which is larger
than 1.16 and is conservative in case of safety studies.

The discharge rate coming out through the puncture in the tank
depends on the hydraulic head available, which in turn is a func-
tion of the shape of the tank. By equating the rate of loss of LNG
from the tank to the outflow volumetric flow rate, the instanta-
neous hydraulic head can be determined.

� dðhAtÞ
dt

� �
¼ Cd

ffiffiffiffiffiffiffiffi
2gh

p
Ah ð2Þ

For moss tanks, since they are spherical in shape, the cross-
sectional area (At) affecting the outflow from the tank is a func-
tion of time. The instantaneous hydraulic head can be determined
by Eq. (2) given a value of time. Fay’s (2003) model does not in-
clude a discharge coefficient. In practice a rough, irregular hole
would be expected and the friction would be expected to be lar-
ger than that for a well-rounded, sharp-edged orifice (Oka and
Ota, 2008). To account for the frictional losses a discharge coeffi-
cient is used in the model proposed here. A typical value 0.6 has
been used in past studies (Hightower et al., 2004; Accutec and
Exponent, 2008).

LNG is stored in liquid form at its boiling point of 111 K or be-
low. It starts evaporating when it comes in contact of the sur-
rounding water, which has a much higher temperature than the
boiling point of LNG. The extent to which the pool of LNG grows
would depend on the discharge rate flowing into the pool from
the punctured tank and the rate at which LNG evaporates from
the pool. The volume rate of change of fluid in the LNG pool is
equal to the inflow in the pool from the tank minus the outflow
from the pool due to evaporation which is mathematically

dVp

dt
¼ CdAh

ffiffiffiffiffiffiffiffi
2gh

p
�wAp ð3Þ

where Ap ¼ pR2.
The rate of change of pool area can be expressed in terms of the

rate of change of pool radius as,

dAp

dt
¼ 2pR

dR
dt

ð4Þ

Substituting Eq. (4) in Eq. (1) gives,

dAp

dt
¼ 2pRKs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g

qw � ql

qw

� �
d

s
ð5Þ



Fig. 4. Variation of LNG pool diameter with time for a test case involving a typical
membrane tank.
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Substituting d ¼ Vp

Ap
in Eq. (5), we get,

dAp

dt
¼ 2Ks

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gp qw � ql

qw

� �
Vp

s
ð6Þ

The evaporation from the pool has been expressed indirectly in
terms of regression velocity (w) as opposed to the evaporation rate
determined from the heat of vaporization of LNG, used by Hissong
(2007). A typical value of regression velocity used to represent
evaporation of LNG over water surface is 3 � 10�4 m/s (Hightower
et al., 2004), which is equivalent to a mass flux of 0.135 kg/s m2 for
LNG. The model assumes that LNG while spilling from the tanks
does not flash or form an aerosol. LNG is usually stored as a satu-
rated liquid and little of it will flash immediately or form an
aerosol.

The spreading relationship is used until the thickness of LNG
reaches the minimum stable pool thickness. Due to large initial
flow rate commonly observed in LNG spills from cargo tanks, the
spreading layer of LNG in the pool has a high inertia. The pool
spreads even after the stage where the mass rate from the tank
coming into the pool equals the mass rate evaporating out from
the pool. The volume of LNG in the pool reaches a maximum value
when the inflow in the pool from the tank is equal to the outflow
from the pool due to evaporation. Hereafter, the volume of the pool
decreases with time, however the pool continues to spread later-
ally and the reduction in the volume is achieved by the reduction
in the thickness of the pool. The pool continues to spread laterally
until the thickness of the pool reaches the minimum stable pool
thickness. After that the thickness is fixed at the minimum value
and the pool diameter is calculated from the pool volume.

Tests conducted by May et al. (1973) on open water, the mini-
mum stable pool thickness (hm) was approximately 6.7 and
4.4 mm. The minimum stable pool thickness depends on the sur-
face on which the LNG is spilled. Boyle and Kneebone (1973) sug-
gested using a constant value of 1.7 mm for the minimum stable
pool thickness, irrespective of the quantity of LNG spilled. Feld-
bauer et al. (1973) proposed an empirical relation for LNG spill
over water, hm = 0.001 D0.56 where D is the pool diameter (m).
Opschoor (1980) argues that the empirical relation developed by
Feldbauer et al. (1973) is based on two facts of observation, while
Boyle and Kneebone’s (1973)) suggestion is supported by five
experiments. Opschoor (1980) further argues that the minimum
layer thickness highly depends upon the surface tension and the
minimum layer thickness can be expected to not depend on the
amount of LNG spilled and suggests using a minimum stable pool
thickness of 1.7 mm.

A liquid spill model developed by Hissong (2007) uses a similar
methodology with some minor deviations from the methodology
proposed here. Eqs. (3) and (6) form a coupled system of initial va-
lue problem, which can be solved numerically. Eqs. (3) and (6)
Fig. 3. Variation of instantaneous hydraulic head with time for a test case involving
a typical membrane tank.
were solved here numerically using a Runge Kutta 4th order meth-
od. Figs. 3 and 4 show the variation of hydraulic head and the pool
diameter with time for a test case. The simulation was done for a
typical sized membrane type tank with cross-sectional area of
1848 m2 and an initial hydraulic head of 21.1 m. A value of 0.6
was used as the coefficient of discharge. The area of the hole in
the tank was 16 m2. The tank emptied all its contents into the pool
in 400 s.

From Fig. 4 it can be observed that the pool diameter increased
till the pool thickness reached the minimum stable pool thickness.
The diameter of pool at this stage corresponded to the maximum
pool diameter. Hereafter, the thickness of the pool was maintained
at the minimum stable pool thickness and the reduction in the vol-
ume of LNG in the pool due to evaporation was accounted by the
reduction in the pool area. For case of multiple tank spills, the pool
area generated by a single tank times the number of tanks could be
used to be as a representative but conservative pool area. In reality
due to the interaction of the pool areas from the adjacent tanks, the
actual pool area would be less than predicted by this analytical
model.
2.2. Pool fire modeling

During the LNG spill scenario, fire may result if it meets an igni-
tion source. Different modes of fire may result depending on at
what stage of the spilling and mixing with air does it encounter
an ignition source. If ignition occurs immediately after pool forma-
tion from spillage, it results in a quasi-steady state fire, commonly
referred to as pool fire. The hazards associated with LNG pool fires
are predominantly thermal hazards due to radiating heat flux. Esti-
mation of the thermal radiation hazard from a pool fire depends on
a number of factors such as size and shape of the pool, composition
of the burning fuel, average emissive power of the fuel, atmo-
spheric transmissivity and the distance between the source (pool
fire) and the target (people, equipment, etc.). Due to atmospheric
absorption which is predominantly due to the presence of water
vapor and carbon dioxide thermal radiation is attenuated as it trav-
els from the source to the target.

As in the case of the spilling analysis there are two class of mod-
eling approaches to simulate the potential pool fires associated
with LNG spills. For fires in complex settings where the interaction
of the fire with objects in the vicinity CFD based modeling should
be considered. CFD modeling is computationally expensive, but it
has the capability of including the soot and smoke effects in the
model. Smoke shields the emission of thermal radiation from the
fire and significantly reduces the thermal radiation hazard distance
(Raj, 2005). The Fire Dynamics Simulator (FDS) (McGrattan et al.,
2009) developed at the National Institute of Standards and Tech-
nology (NIST) is one of the computational fluid dynamics tool that
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could be used to simulate pool fire. For scenarios where the pool
fires are set in the open such as the case of an LNG spilled on a
water surface, semi-empirical methods are applicable. The meth-
odology proposed here is based on proven approaches that have
been used in several past IRAs (SFPE, 1995).

To determine the thermal hazard from pool fires the burn rate
of the pooled material must be calculated, the size of the pool is
needed and the transfer of the heat to the targets must be calcu-
lated. During a pool fire on a large body of water the vaporization
of fuel is controlled by heat transfer from both the water and the
fire to the LNG. Following equation proposed by Burgess et al.
(1961) the burn rate can be used to estimate using

_ymax ¼ 1:27� 10�6 DHc

DH�
ð7Þ

and

DH� ¼ DHv þ
Z TBP

Ta
CpdT ð8Þ

The modified heat of vaporization ðDH�Þ includes the heat of
vaporization and an adjustment for heating from the boiling point
temperature of the liquid, TBP (111.6 K for LNG), to the ambient
temperature, Ta (294 K).

Using ðDHcÞ = 55,500 kJ/kg, Cp = 2.19, boiling point TBP =
111.6 K, ambient temperature Ta = 294 K and DHv = 510 kJ/kg.

From Eq. (8) we have,

DH� ¼ 510þ 2:19� ð111:6� 294Þ ¼ 110:54 kJ=kg

and Eq. (7) results in a burning rate of

_ymax ¼ 1:27� 10�6 55500
110:54

: ¼ 6:4� 10�4 m=s

This rate is consistent with those used in earlier studies of LNG
pool fires which varied between 2 � 10�4 m/s and 8 � 10�4 m/s.
Past experimental evidence from LNG pool fires has indicated that
the burn rates are on the lower end of the range and past studies
recommend the use of 3 � 10�4 m/s as an upper bound (Hightower
et al., 2004, 2005). This is consistent with the recommended evap-
oration rate. The fact that the rates are the same for evaporation
and fire are due to the nature of LNG and is not the standard across
all hydrocarbons.

Estimating the size of the pool fire involves estimating the
height and the diameter of the pool fire. A solid flame model can
be used to represent the physical shape of the pool fire (SFPE,
1995). In this model the flame is assumed to be of cylindrical shape
and the flame diameter is taken to be that of the pool diameter. The
pool fire diameters can be determined using Eqs. (3) and (6) pro-
posed in Section 2.1 of this paper once the burn rate of the fuel
is determined which replaces the evaporation rate in the analysis.
The height of the flame can be determined by various semi-empir-
ical relations (SFPE, 1995). In the past LNG independent risk assess-
ments (IRAs) it has been preferred to use the Moorehouse
correlation (SFPE, 1995) which gives the height of the flame rela-
tive to the diameter through the relationship

H
D
¼ 6:2

_m00

qa

ffiffiffiffiffiffi
gD

p
" #0:254

ðu�10Þ
�0:044 ð9Þ

with

u�10 ¼
uw

g _m00Dð Þ
qv

h i1=3 : ð10Þ

It has been observed that the flame height values for large
diameter pool fires (typically experienced in a large LNG spill)
using Moorehouse correlation are unrealistic and results in very
large flame heights (Oka and Ota, 2008). For instance, for the mem-
brane case presented in the spilling analysis section the Moore-
house correlation would predict a flame approximately 1 km
high. This is due to the fact that the correlation was developed
using data from small pool fires. Knowing the dynamics of large
fires and how they break up into multiple flamelets the actual
flame height would be much lower (Hightower et al., 2004). Recent
large-scale pool fire tests suggest that the upper limit for the
height to diameter to be 13% (H/D = 0.13).1

After the size of the fire has been determined the thermal radi-
ation hazard zone can be determined using the Mudan’s method
(SFPE, 1995). The method estimates the thermal hazard field by
using the average emissive power of the fuel, geometric view factor
and a factor which accounts for atmospheric transmissivity. The
geometric view factor depends on the size of the fire and the dis-
tance between the source (fire) and the target. The radiant flux
incident upon an object can be given by Mudan’s method (SFPE,
1995) as,

q ¼ EF12s ð11Þ

A typical value of 220 kW/m2 for average emissive power (E)
and a typical value of 0.8 for atmospheric transmissivity (s) has
been used by Hightower et al. (2004). Usually two thermal heat
flux levels are of interest in a typical IRA study related to public
hazards. A 37.5 kW/m2 hazard level which is associated with dam-
age to process equipment and storage tanks (Thomas, 2002) for
unprotected exposures based on average 10-min exposure dura-
tion. This exposure would also produce immediate fatalities. The
second level of hazard which is of interest is a 5 kW/m2 hazard le-
vel which is associated with the permissible level for emergency
operations lasting several minutes with appropriate clothing based
on an average 10-min exposed duration (Thomas, 2002). This
exposure level would also produce the onset of second degree
burns based on average 40 s exposed duration (FEMA, 1989).

The distance to a specified thermal heat flux hazard level
(37.5 kW/m2 or 5 kW/m2) can be predicted by substituting the rel-
evant parameters q, E and s in Eq. (11) and determining the view
factor F12. Knowing the view factor F12, the distance can be deter-
mined using the distance from the center of the pool fire to the tar-
get (L), the height of the fire (H) and the fire diameter (D) from
(SFPE, 1995)

F12;V ¼
1
pS

tan�1 hffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 � 1
p
� �

� h
pS

tan�1

ffiffiffiffiffiffiffiffiffiffiffi
S� 1
Sþ 1

r

þ Ah

pS
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � 1

p tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAþ 1ÞðSþ 1Þ
ðA� 1ÞðSþ 1Þ

s
ð12Þ

F12;H ¼
ðB� 1=SÞ
pðB2 � 1Þ

tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðBþ 1ÞðS� 1Þ
ðB� 1ÞðSþ 1Þ

s !
� ðA� 1=SÞ

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � 1

p
� tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAþ 1ÞðS� 1Þ
ðA� 1ÞðSþ 1Þ

s
ð13Þ

where

S ¼ 2L
D
; h ¼ 2H

D
; A ¼ h2 þ S2 þ 1

2S
; B ¼ 1þ S2

2S

The subscript V and H denote the vertical component and the
horizontal component of the view factor, respectively (SFPE,
1995). Once these calculations have been made the thermal radia-
tion hazard zones relative to the expected release and pooling loca-
tion of the LNG can be defined. For the example release presented
earlier, using a flame height of 0.13 D the distance to the critical va-
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lue of 37.5 kW/m2 would be approximately 600 m and approxi-
mately 1270 m to the lower critical value of 5 kW/m2.

2.3. Vapor dispersion modeling

If a breach occurs which results in the spilling of LNG, there is a
possibility that the pool is not ignited instantaneously. In this case
the gas evaporating from the pool will disperse downwind. As in
the other processes there are simplified models that have been
used for dispersion analysis (Havens, 1980). However recent stud-
ies suggest that using a computational model that better incorpo-
rates elements such as the heating of the LNG vapor and other
processes is a better approach (Hightower et al., 2004, Luketa-Han-
lin, 2005). The dispersion of LNG vapor and the maximum down-
wind distance of LNG lower flammable limit (LFL) can be best
estimated using computational fluid dynamics (CFD) codes. FLU-
ENT, FDS, CFX, FLACS, etc. are some of the commercially available
CFD tools which have the capability to model LNG dispersion. That
is the method proposed here.

Here FDS (McGrattan et al., 2009) was used to model the disper-
sion of LNG, to demonstrate the capability of a computational fluid
dynamics model to predict the dispersion. FDS was developed by
National Institute of Standards and Technology (NIST) and is avail-
able freely in the public domain. It solves the Navier–Stokes equa-
tions appropriate for low-speed flows. The partial derivates of the
conservation equations of mass, momentum and energy are
approximated as finite differences, and the solution is updated in
time on a three-dimensional, rectilinear grid. The chemical species
equations are coupled to the Navier–Stokes equations to model the
transport of the chemical species. Mniszewski and Pape (2001)
have used FDS for pure dispersion analysis and compared pre-
dicted results to experiments and analytical predictions. The read-
er can refer to McGrattan et al. (2009) for the mathematical
formulation and assumption in the FDS code. A detailed descrip-
tion is not possible in this document so some of the nuances asso-
ciated with using FDS for the LNG dispersion scenarios are noted.
These same points should be considered when using any CFD code
for LNG vapor dispersion modeling.

Wind plays a major role in the convection the vapor cloud in the
downwind direction while buoyancy effects help the gas to mi-
grate vertically. The mixing of the cloud with the air and eventually
thinning out depends on the turbulence which is a function of the
velocity gradient (Clutter et al., 2006). To set the wind conditions
the wind profile is also required. This is dependent on the atmo-
Fig. 5. Instrumentation arra
spheric stability conditions (Turner, 1994). It is known that as
atmospheric stability increases the turbulence near the ground re-
duces so downwind dispersion distances increase. Therefore, if no
data is available about the atmospheric stability, a Pasquill–Gifford
class ‘‘F’’ can be conservatively assumed.

The boundary conditions in the model should be properly rep-
resented in order to accurately estimate the dispersion of LNG.
The wind should be injected into the computational domain by
using an inlet velocity boundary condition. This means that the
wind is supplied into the computational domain from the begin-
ning of the simulation in a desired atmospheric wind velocity pro-
file. The wind should be allowed to develop completely before LNG
vapors are injected into the computational domain. The outlet
boundary can be prescribed to be an open boundary. Depending
on the code used the boundary condition applied to the top of
the domain should be evaluated in terms of how it affects the wind
profiles. Some codes perform better if a full slip boundary condi-
tion is used for the top boundary while others can maintain the
correct wind profile using an open boundary. Here the CFD code
used was FDS from NIST and it was found that using a full slip
boundary appropriately far enough from the area were vapor
was migrating produced the best results.

It might seem that an open boundary condition might be appro-
priate similar to the outlet. The application of this boundary condi-
tion would change the desired inlet flow profile because the
prescribed pressure for the open boundary condition may not pro-
vide the desired velocity value at the top boundary. Full slip
boundary condition can be used for the side boundaries too, for
reasons similar to the top boundary. Luketa-Hanlin et al. (2007)
supports using a full slip boundary condition at the top and side
boundaries in order to correctly represent the flow velocity profile.

A no slip condition can be specified at the bottom boundary to
represent how the surface of the water affects the wind profile. The
evaporation from the LNG pool can be represented by a injecting
natural gas vapor a specified mass flux of 0.135 kg/m2 s which is
the typical rate of LNG evaporation on a water surface. The injec-
tion time should correspond to the amount of LNG in the pool.
LNG should be injected at a temperature of �162 �C to specify
the regression rate for LNG spill over land, experimental work re-
ported by Drake and Reid (1975) can be referred. As noted earlier
the pool size will grow over time during the spill and then start
to regress as evaporation or burning balances the flow into the
pool. This unsteady pool size can be incorporated into the model-
ing but it has been found that using a release area corresponding
y used in Burrow tests.
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to the calculated maximum pool size provides good estimates of
downwind hazard distances for use in independent risk assess-
ments (IRAs).

To demonstrate the applicability and accuracy of using CFD for
LNG vapor dispersion calculation benchmark simulations of an
LNG test are presented here. The test simulated was the Burrow
8 test which was one of a series of liquefied natural gas spill exper-
iments was performed at the Naval Weapons Center at China Lake,
California in 1980 (Koopman et al., 1982). During the test a large
array of instruments was used to make measurements of gas con-
centration, temperature, humidity, heat flux from the ground.
There were 25 gas stations and five turbulence stations arranged
in arcs of 57 m, 140 m, 400 m and 800 m. Gas sensors were used
to track the height of the cloud and propeller bivane anemometers
and fast gas sensors at three heights were used to measure the tur-
bulence effects.

Of particular interest is the prediction of the maximum distance
to the lower flammability limit (LFL) as compared to that measured
in the Burrow 8 test. In the Burrow 8 test 28.4 m3 of LNG was
spilled on a pool of water at a rate of 16.0 m3/min. for spill duration
of 107 s. The water test basin had an average diameter of 58 m and
the slopes of the banks were reduced to provide less turbulent
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Fig. 6. Wind profile for Burrow 8 test simulation.

Fig. 7. Iso-surface of LFL during the dispersi
wind flow over the water test basin. The atmospheric stability dur-
ing the Burrow 8 test was slightly stable and the average wind
speed was 1.8 m/s. at an elevation of 10 m. The average wind direc-
tion was 10 degrees from the centerline of the sensor array. The
RMS variability in the wind speed and direction was 15% and 6�,
respectively. Fig. 5 shows the relative locations of the instrumenta-
tion array used during the test.

A power law profile was used to represent the upstream wind
during the test. Fig. 6 shows the wind profile used in the model
at a distance of 50 m upstream of the LNG pool. The boundary con-
ditions were applied as defined above and the evaporation of LNG
off the pool was represented using the rate defined above for pool-
ing on water.

Fig. 7 shows the iso-surface of LFL during the first 400 s after the
release and Fig. 8 shows the concentration of LNG vapor along the
water surface as well as a vertical cut plane through the center of
the pool at different time instants. Fig. 9 compares the predicted
variation of gas concentration at different sensor locations to those
measured during the test. It is observed that the FDS provides good
predictions of the gas concentration levels and how they vary over
time. This suggests that the CFD based dispersion modeling will
provide good estimates of the downwind hazard zones associated
with LNG vapor dispersion.

3. Conclusion

With the increasing demand of LNG more and more LNG storage
and regasification deepwater ports are being developed. When
considering the consequence associated with potential spills of
LNG at proposed DWP facilities, there are a variety of analysis tech-
niques that can be used. This paper documents proven approaches
that have been used to support various studies to include several
IRAs of proposed facilities. The objective is to document for the
use of others, methodology that has been validated against avail-
able test data and scrutinized by various agencies. A summary of
the methodology follows:

1. Determine the release scenarios. To address both the accidental
and intentional scenarios it is useful to hold a hazard identifica-
tion workshop that involves participants familiar with the
on from pool at different time instants.



Fig. 8. Concentration of natural gas along the ground plane during the dispersion process.

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00

0 100 200 300 400

G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

Time (sec.)

Row57m_H1m_Sensor T02 

Experimental data

FDS Simulation

H = 1m

0.00

10.00

20.00

30.00

40.00

50.00

60.00

0 100 200 300 400

G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

Time (sec.)

Row_57m_H1m_Sensor G04

Experimental data

FDS Simulation

H = 1m

0.00

10.00

20.00

30.00

40.00

50.00

60.00

0 100 200 300 400

G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

 

Time (sec.)

Row_57m_H1m_Sensor G02 

Experimental data

FDS Simulation

H = 1m

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0 100 200 300 400 500 600 700 800

G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

Time (sec.)

Row_400m_H3m_SensorG15

Experimental data

FDS Simulation

H = 3m

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0 100 200 300 400

G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

Time (sec.)

Row_57m_H1m_Sensor G01 

Experimental data

FDS Simulation

H = 1m

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 100 200 300 400 500 600 700 800G
as

 C
on

ce
nt

ra
ti

on
 b

y 
vo

lu
m

e 
%

Time (sec.)

Row_400m_H1m_Sensor G15

Experimental data

FDS Simulation

H = 1m

Fig. 9. Comparison of FDS predictions with experimental data for Burrow 8 test.
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details of the environment and operations in the area of the
proposed DWP. Also participants familiar with probable threats
can aid in determining credible intentional scenarios. From the
specifics of the vessels in the area potential breaches in LNG
carriers can be calculated and from the specifics of credible
intentional scenarios potential breaches in the on-site LNG stor-
age tanks can be calculated.
2. Identify the bounding breach scenarios. With respect to hazards
posed by a possible pool fire and dispersion distance of the
flammable LNG vapor in the downwind direction, determine
those scenarios that will produce the largest hazard zones.

3. Determine the LNG pool area from the spill for all different bounding
scenarios. Several models have been developed by various
researchers to predict the spread of LNG on water. Analytical
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methods, derived from first principles, give reasonable predic-
tions for the spill area for typical DWP configurations. They are
simpler to use than the more intensive and computationally
expensive CFD modeling of the spill. They do lack the capability
of modeling the interaction of the spill from multiple tanks or
the interaction of spills with objects such as walls and buildings.
However, this is typically not an issue for the DWP configura-
tions. And in a multiple tank spill scenario, the methodology pro-
posed in this paper produce a conservative estimate of the spill.

4. Determine thermal hazard due to radiating heat flux from a pool
fire. Semi-empirical methods are recommended for use in pre-
dicting the thermal environment of a pool fire involving a large
spill of LNG. It has been observed that the flame height values
for large diameter pool fires (typically experienced in a large
LNG spill) using Moorehouse correlation are unrealistic and
results in very large flame heights. Recent test suggest that
the height of a pool fire is approximately 13% of the pool diam-
eter. Further studies are needed in this area but the limiting
value should be considered when estimating the size of the fire
and determining the thermal radiation hazards.

5. Determine the distance to which the LNG vapor travels with the
wind. The dispersion of LNG vapor and the maximum distance
to LFL could be best estimated by use of computational fluid
dynamics tools. Here an applicable code, available in the public
domain, has been validated for use. The boundary conditions in
the model should be properly represented in order to accurately
estimate the dispersion of LNG vapor. Wind plays a major role
in the convection of the vapor cloud in the downwind direction.
It is known that as atmospheric stability increases the turbu-
lence near the ground reduces so long-wind dispersion dis-
tances increase. Therefore, if no data is available about the
atmospheric stability, a Pasquill–Gifford class ‘‘F’’ can be conser-
vatively assumed. The wind should be allowed to develop com-
pletely before LNG vapors are injected into the computational
domain. Using the maximum pool diameter as calculated in
the spill analysis can be used to provide appropriate estimates
of hazard distances.
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