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Abstract

A comprehensive model for predicting the dynamics of spills from LNG and oil product tankers
is constructed from fluid mechanics principles and empirical properties of oil and LNG spills on
water. The analysis utilizes the significant tanker hold and discharge flow area dimensions to specify
the cargo liquid outflow history and the ensuing pool characteristics, including the establishment
of a pool fire. The pool fire area, duration, and heat release rate are determined as functions of the
tanker cargo variables. Examples of an LNG and gasoline spill show that for likely discharge flow
areas these spills may be regarded as instantaneous, simplifying the evaluation of risk consequences.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

The great increase in oceanic shipping of crude oil in large supertankers following World
War 11, and the subsequent occasional accidental episodes of disastrous oil spills from these
vessels that harmed coastal environments, led to development of models for the spread
of ail spills on the surface of the s¢&] and corroborating laboratory measuremdgts
These models confirmed the common observation that significant spills spread rapidly to
encompass large areas of the ocean surface, well beyond the capacity to contain them by
mechanical means within the short time of spreading.

In the 1970s, the development of oceanic tankers transporting cryogenic liquids (LNG,
LPG, ethylene) posed additional spill risks of combustion, either at the spill site or at
downwind locations to which the spill vapors might traf@K]. In the intervening years,

a considerable amount of theoretical and experimental research has been conducted on
the evaporation of cryogenic spills on land and water, the dispersion and combustion of

* Tel.: +1-617-253-2236; faxt-1-617-258-8559.
E-mail addressjfay@mit.edu (J.A. Fay).

0304-3894/02/$ — see front matter © 2002 Published by Elsevier Science B.V.
PIl: S0304-3894(02)00197-8



31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52

53

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

ARTICLE IN PRESS

2 J.A. Fay/Journal of Hazardous Materials 3916 (2002) 1-18

the evolved vapor clouds, and the establishment of pool fires at the spill site (for a recent
summary, ses)).

In siting and licensing marine terminals where LNG is landed from tankers, public au-
thorities have had to consider the possibility of accidental spills, usually considered to be a
consequence of a ship collision or grounding. But the recent episodes of bombing incidents,
including the attack in 2000 on the USS Cole, have raised the issue of other sources of vessel
damage that might result in spills that form pool fires alongside the stricken vessel.

Raj and Kalelkaf6] and Raj[7] have considered the formation of an LNG pool fire
from a spill of given volume delivered to a level surface (either water or land) at a uniform
rate over a given time period. In the limit of very short time, the spill may be considered
instantaneous and the resulting pool fire spreads to a size and burns at a rate determined by
the spill volume and the LNG fuel properties. In the alternate limit of a long period of spill
discharge, the pool fire characteristics are determined by the volumetric discharge rate. In
either case, the spill volume and discharge time are exogenous variables determining the
pool fire characteristics.

The spill volume, discharge rate, and duration are significant determinants of the spill
behavior. For a spill from a ocean tanker, these are dependent upon the tanker hold size
and configuration, the size and location of the vessel’s rupture opening, and of course, the
properties of the cargo fluid. This paper models both the discharge process and the pool
spread behavior, expressing the significant results (pool area, pool fire duration, heat release
rate) in terms of the tanker hold and rupture variables, covering the entire practical range.
Examples are given for spills from typical LNG and oil product tankers.

2. Fluid mechanics of the spill process

Liquid hydrocarbon fuel tankers carry cargo that is less dense than sea water. The re-
qguirements for hull strength and reserve buoyancy result in cargo tanks in which the top
surface of the liquid cargo is elevated above that of the surrounding sea water, to an extent
that creates a liquid hydrostatic pressure within the cargo tank exceeding that of the sur-
rounding atmosphere or sea water at the same elevation. Any puncture of the vessel's side
walls permits the cargo to flow out to the surrounding environment at a velocity determined
by the pressure difference between the cargo and the exterior atmosphere or sea water at
the level of the puncture opening.

The emerging hydrocarbon cargo fluid, being immiscible with and less dense than sea
water, floats on the sea water surface. It forms a pool, centered at the rupture site, that spreads
horizontally, induced by a horizontal pressure gradient resulting from the gravitational force
on the liquid layer. For the very large spill rates being considered here, the spreading rate
is governed by a balance between fluid inertia and the gravity force, called gravity—inertia
spread1]. Although the spreading of the pool is enhanced by the flow of liquid from the
cargo tank, it nevertheless continues as long as there is a finite volume of liquid in the pool.

The poolfluid can be vaporized by two processes. Ifitis a cryogenic fluid, such as liquified
natural gas, propane, or ethylene, having a boiling point below the sea water temperature, it
will boil vigorously by virtue of its contact with the underlying sea water. If vapor evolving
from the pool catches fire, establishing a pool fire above the spreading liquid fuel, thermal
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Fig. 1. A sketch of the cross-section of a tanker vessel, showing the configuration of the cargo fluid in a tanker
during outflow through a rupture in the side of the vessel.

73 radiation from the pool fire will heat and vaporize the liquid fuel. In the case of pool fires
74 above cryogenic fuel spills, both processes act in parallel to increase the rate of vaporization.
75 The configuration of the cargo fluid in a tanker hold during its flow out through a rupture
76 at the level of the waterline is sketchedRig. 1 The rupture flow area is denoted By,

77 while the upper surface area of the cargo fluidiis The time-varying hydrostatic hedd

78 governing the fluid velocity through the rupture is, in this case, the vertical distance from
79 the rupture centerline to the free surface of the cargo fluid. The lateral area of the liquid
so pool outside the vessely, is a function of time, depending upon the spreading of the cargo
81 fluid that leaks from the tank.

82 There is a time scalg that characterizes the duration of the outflow from the ruptured
83 cargo tank. The magnitude of the outflow velocity through the ruptu@, so that the

84 outflow volume flow rate/ghgAn times the discharge timg must equal the volumg;hg

g5 discharged (whergy is the initial value ofz), giving

g~ a0 _ A [ho &)
86 JahAr  AnV g

87  Whether the liquid pool formed from this discharge is vaporized by boiling or the estab-
gs8 lishment of a pool fire, it cannot be depleted in a time shorter than

89 The rate of loss of the pool liquid by vaporization may be characterized by a regression
90 Vvelocity w, where the volume rate of pool liquid vaporized per unit surface areaT$he

91 regression velocity is a function of the processes that evaporate the fluid, boiling and/or pool
92 fire heating, and the fluid properties. Itis this regression velocity which limits the maximum
93 size of the pool area, which would otherwise continue to increase indefifiifely

94 We can distinguish two limiting cases of pool size. If the rupture aigas very small,

95 a quasi-steady pool evaporation process will be established, for which the evaporation rate
96 from the pool will equal the discharge rate from the vessel. In this case, the lifetime of
97 the pool formation and extinction will equal the discharge duratioAlternatively, if the
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rupture area, is very large, the pool will spread as if from an instantaneous discharge and
will persist for a much longer time thag in order to vaporize all the discharged volume.

The maximum pool area for the case of smgjlmay be found by equating the discharge
volume flow rate,/ghoAn to the vaporization rateAy, giving

iy~ YOO @

Becausaw is always quite small compared@ for practical cases, the pool area is large
compared with the rupture area.

Estimating the corresponding evaporation time and pool area for the case of large rupture
area is complicated by the dynamics of the pool spreading. For the latter, the podharea
resulting from an instantaneous spill of volumg, after a timery, is approximately1,3]

Ap ~ (V8 A(Atho))ty 3)

where
A= Pwz P (4)
ow

pw and ps being the sea water and cargo fluid mass densities, respectively. Setting the
evaporation loss from the pool during the timpequal to the cargo spill volume,

Apwty ~ hoAt (5)

we can solveegs. (3) and (5jor the evaporation time and pool area at that time:

(Atho)Y/*
=~ wl2(g A)1/4 (6)
(Atho)®/4(g2)Y/4

We may now contrast the behavior of the pool formation and ultimate disappearance for
small and largedn. For small Ay, the pool area is a maximum at the beginning of the
spill, declining in size in proportion to the outflow rate and disappearing at the discharge
duration given in(1). The maximum pool area is proportionalAg (see(2)), and the pool
evaporation time is inversely proportionalAg (see(1)). In contrast, for very largd, the

pool size grows during the outflow process, reaching a maximum size at the end of the pool
evaporative lifetimg6) as given inEq. (7) In this case, both the evaporative time and the
maximum pool size are independent of the hole gigeprovided it is large enough. But

both the small and largén approximations give equal values fap andzs, whenAp is:

3/4_1/2 ,1/4 ( ho e
Ap ~ A w/A/<—> (8)
8

It is this value ofA}, that determines whethel}, is small or large. It will be seen below that
the ratio of the two sides @B) is a parameter in an exact description of the pool behavior.
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2.1. Analytical model

To develop a more accurate model of the spill and pool behavior, we begin by considering
the outflow through the puncture ar@a. Equating the rate of loss of cargo volume to the
outflow volumetric flow rate,

B <d(hAt)) = /2ghAn 9)

dr

we obtain, by integration,
2
8 An . 2ho ( At
Jho— [Z2—t fO<t< |[—|—
< ZAt)’ ! __Vg(Ah>
2 A
0, if 1> ﬂ(—‘)
g \An

We next determine the rate of change of volurgef the fluid in the pool, as a consequence
of the inflow from the rupture minus the evaporation from the pool aga

h= (10)

dvp

dr
We now express the spreading rate of the pool, which is assumed to be semicircular in
shape, of radiu® and areadp = 7wR?/2, in the form given if3]:

drR Vo \ Y2
Ly (gA o~ /2) (12)

\/EhAh — whAp (11)

whereg is an empirical constant and the faclq;/(nRz/Z) is the average thickness of the
pool. This may be transformed to the form:

dAp  d(mR?/2)
=g =F [27g AV, (13)

defining the time rate of growth of the pool area.

Egs. (10), (11) and (13Jefine the time history of the outflow from the vessel and the
subsequent pool formation and vaporization. As describ&kution 2 the nature of this
history depends critically on the size df, through its relationship to other parameters
of the flow. To proceed to elucidate and simplify this relationship, it is useful to express
these equations in dimensionless form. To this end we choose the following dimensionless
variables:

= <ﬁ) it, v* Vp , = wAp , h* i
At )\ ho hoAt Any/gho ho

Here we have introduced time, volume, area, and length scgles/EAr)/An, hoAt,

Anv/9ho/w, andhg to define the dimensionless variablésgs. (10), (11) and (13hen

(14)
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assume the form:

* 2
t *
h*:=<1—72>, 0<r<+2 (15)
0, t* > /2
dv*
— =2h* —a* 16
a a (16)
W (17)
ar VY
where the parameterhas the value
3/2
ho A
¢ = pv2ndw |22 (18)
g Aj

By comparison with(8), we now see thap > 1 corresponds to smaly, while ¢ « 1
defines the case of largh,.

Before proceeding to discuss the solutions for particular valugswé develop a general
relation for the time-averaged valuesf, denoted by/*. Integrating(15) and (16)pver the
time interval ¢ > V/2) for the pool to evaporate, we find

— 1

a* = —
ol
tV

(19)

This relationship expresses the conservation of mass; all of the cargo fluid drained from the
ship’s hold is evaporated from the fluid pool by the end of the evaporation périod

211.¢>»1

In this case, after a short period of time« V2 of unsteady flow, a quasi-steady flow
will be established during which the inflow to the pool is balanced by evaporation. This
balance is expressed by setting the right sidéL6j equal to zero, giving* as a function
of time:

af=V2-1*, <r*<V2 (20)

During this time, the pool area shrinks linearly with time, reaching zero at the end of the
discharge, whem* = /2. The pool area at the beginning of the quasi-steady figw,
becomes

ai=~2—1 (21)
We next consider the transient flow time period<0r* < ¢, for which r* « +/2 and
h* = 1.Eq. (16)becomes
LY S (22)
dr*
This may be solved simultaneously with7) to determinev* as a function ofi*:

a9
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3 N —
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Fig. 2. The dependence of pool atgan timer* for large values of the flow parametgr(a)¢ — oo; (b) ¢ = 10;
(©) ¢ = ¢pc = 1.784.

The pool volume increases during this period, reaching a maximum when +/2 and
then decreasing to zero whehreaches its maximum value,, of
ai, =22 (24)

Note thata),, > +/2a%; the transient phase leaves a larger pool than that at the beginning
of the quasi-steady phase. The duration of the transient flow may be found by substituting
(23)in (17):

22 da*
® 0 [Ba*/2(v/2 — a*/2)]/3
_ (57/6(52/3 (F{4/3})2> —2/3 _ ~2/3
_ (2 @ pgrgy )¢ = 4124 (25)

wherel"{x} is the gamma function of argument
For ¢ — oo, the transient phase is negligible in duration, and the quasi-steady flow
occupies all but the very beginning of the outflow. The dependence ot4reatimer*
for this case is shown iRig. 2(a).
In cases where is not sufficiently large to satisfy the requirement that< V2,
Egs. (15)—(17)must be integrated numerically. An example is showhRim 2(b) for ¢ =
10. Here the transient phase is extended te 0.588, wherez,, = 2.233 andui = 0.827,
both lower than the values o&22 andv/2, respectively fop) — oo. Note that* varies ap-
proximately linearly with* in the transient phase, and exactly so in the quasi-steady phase.
For even lower values @f, the transient phase timgincreases while};, andaZ decrease,
until at a critical value ofp; = 1.784,7 = +/2 and the transient phase occupies the whole
of the outflow duration. For this example, showrFig. 2(c), a;, = 1.431 atr}, = V2.
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205 2.1.2.p K1

206 In this limit, the discharge occurs quickly, then the pool spreads and evaporates. Focusing
207 first on the short discharge period where<Or* < /2, we may neglect the evaporation

208 termin(16)and find by integration the time dependenceof

vt = V21 (1—;—;5), <2 (26)

210 Combining this with(17) and integrating over the discharge period, we find the pool area
211 ajjatt* = +/2to be

209

14 V2 £ 1/2 T
=2 Fll-— drf = — 27
w2 [T (og)) e e @
213 For subsequent times whete> /2, Egs. (16) and (17then have the form
dv* .
214 a - @ (28)
da* S
215 ar PV (29)

216 with the initial conditions at* = +/2 thatv* = 1 anda* = aj, as determined above.
217 Integrating, we find the variation af* with a*:

218

* 1 3 *\2 *\ 2 23 30
v—(—@[(a)—(ad)]) (30)

219 The maximum pool areg;, occurs when™* = 0:

2 % (7o)
(am)” = 3 +<2ﬁ>

220

1/2 2
ot~ <@) [1 + 36l4¢] — 0.971¢Y2(1 + 0.463p) (31)

221 m=\3

222 The timez;, required to evaporate the pool may be found by combi&ig with (29) and
223 integrating,

/1\, 1 ag, da*
= -
224 Nz ¢ Jay v*

~3m I'{5/3} b4

e X 2 2 — =1.493p7Y2 4 0.304 32

- Y=o T/e)” +v2 >3 Y2+ (32)

226 To finda* as a function of time, one must integrd®8) and (29) For the limit of¢p — 0,

227 this integration is shown ifrig. 3(a), using modified coordinates of/./¢ versust*./@.

228 As expected, the pool area increases with time until evaporation ceasgg@at= 1.493
229 wherea*/./¢ = 1.155 (seeEgs. (31) and (33)
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1.5
1

s ) N2
a/q) ( a)
05
b (c)

0 1 1 1 ]

0 0.5 1 1.5 2

t* ¢l/2

Fig. 3. The dependence of modified pool az&a,/¢ on modified time* /¢ for ¢ < ¢c: (a)¢ — 0; (b)¢ = 1/3;
(©) ¢ =¢c =1.784.

2.13. ¢ < ¢

In general, for values af in the rangep < ¢ that are not small enough that the approx-
imations given above are valid, one must resort to numerical integratiBgf(15)—(17)
to find the time dependencies@fanda* on+* and the values af};, ands’. This has been
done for the intermediate case@f= 1/3 and the limiting value o, and are shown in
Fig. 3(b) and (c), using modified coordinates.

2.1.4. Summary

Theresults of the analyses$ections 2.1.1-2.1&hove are summarizedTable 1 which
lists the values ofi}y), 1%, a¥, 7, andaj, 1, for eight values o in the range O< ¢ < oo.
Considered as functions @f af;, increases, whilg decreases, over the range<0p < oo,
reaching the limits of 22 and+/2, respectively, ap — oo. Their productg’,z:, varies
little over this entire range, reflecting the fact that} = 1 is independent ap (see(19)).
We note that the ratief, /a* lies in the range of 1.724-4.

The data offable Ifor aj;, ands; as functions o are plotted irFFigs. 4 and Srespectively,
using logarithmic coordinates. The analytical expressiong far 1 andg > 1 are shown

Table 1
Pool area and evaporation time
¢
«1 1/3 1 1.784 3 10 30 »1
at, 1.155/4(1+ 0.463) 0.661 1.113 1.431 1.716 2.233 2521 2828
1 1.414 1.113 0588 0.300 4.1@24%3
al 0 0.302 0.827 1.114 (1.414-4.14f/3
Iy 1.493/(/¢ + 0.304) 2.875 1775 1414 1414 1414 1414 1414

at s 1.724+ 0.35L/¢ 1.899 1976 2024 2427 3.157 3.565 4.000
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Log ¢

of the variation of dimensionless maximum pool asgaas a function of the relative outflow

paramete. Data is taken fronTable 1

as solid lines while the numerical values are represented by the symBtlese latter are
by a faired dashed line. While the transition from one limit to the other occupies

connected
a 100-fold

Values of small4y, (large ¢) define the region where quasi-steady flow occurs, but in
which there exists some unsteady pool formation. Elsewhere, the pool formation is entirely

unsteady.

As mentioned irSection 1 Raj and Kalelkaf6] (see alsd8]), have provided solutions
that are equivalent to the two limiting casesTable 1 ¢ « 1 and¢ > 1. Expressed
in terms of thea®* and* dimensionless variables, their values #brs> 1 are identical
to those ofa} andz} in Table 1 But for the case o « 1, they finda’, = 1.564%/2,

iy = 1.355~Y2, ¢ ¥ = 2.118, andary = 1. The first two of these are 35% higher and

Fig. 5. A plot of the variation of dimensionless evaporation tifhas a function of the relative outflow parameter

increase ip, this translates into a 10-fold increasedp.

Al

~
A

QY VR N W—

-1 0 1
Log ¢

¢. Data is taken fronTable 1
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Vapor

Sea surface

Cargo Fluid T[

). Sea Water
A h '/

Fig. 6. A sketch of the cargo fluid outflow and sea water inflow through an underwater puncture. The dash-dot line
denotes the interface between the cargo fluid and sea water.

256 10% lower, respectively, than the exact solution$aifle 1 The product;,z; is 27% higher
257 than the exact value dfable 1butar; is equal to the exact value @I9).

258 2.2. Underwater punctures

259 For an underwater puncture, such as might happen in a ship collision or grounding, the
260 effective head: driving the cargo discharge is reduced from that showRim 1 by an

261 amount A /(1 — A)]d, whered is the distance from the waterline to the centerline of the
262 hole in the hull. The initial outflow is that given iBection 2 with & replaced b)fz:

A A

263
264 The initial outflow will cease wheh = 0, with the cargo gas/liquid interface at a distance

265 [A/(1— A)]d above the water line.

266 At the end of this outflow stage there is, on average, a balance in the hydrostatic pressure
267 between the cargo fluid and the sea water external to the ship, at least at the midlevel of the
268 puncture area. But above and below this level there is an imbalance, such that cargo fluid
269 flows out and sea water flows in, at equal volume flow rates, as illustratéid.i6. The

270 sea water inflow displaces cargo fluid at the bottom of the cargo tank, leading to further
271 discharge of the cargo fluid from below, rather than from above, as in the earlier discharge
272 phase. This discharge continues until the lower part of the cargo hold is filled with sea water,
273 up to the level of the top of the puncture. The less dense cargo fluid is decanted from the
274 hold as sea water intrudes.

275 The volume flow rate of this discharge may be estimated. Consider first the outflow of
276 the cargo fluid through the upper portion of the puncture. Assuming that the vertical height
277 of the puncture is/Ap, and that a fractionf of that height and flow area is occupied

278 by the outflow, the pressure difference driving the outflow-i®w — pc)gfv/An and the
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corresponding velocity is ~(2[pw — pclgfv/An/pe)Y/?, leading to a volume outflow rate
dv/dr of

av (Z(pw — Pc)gf\/A_h)l/zfAh N (2(Pw — p0)g(1— NH/An
dr Oc Pw

1/2
) 1- HAn
(34)

where the term on the extreme right is the equal inflow rate of the sea water. Elimigiating
we find

dv 2

o = YReauayH2 (35)
wherey is an empirical constant of order unity and

Ay = —Dw— Pe (36)

1/3 1/3
(0w + pe'>)3

This outflow is steady during the period of discharge because the driving pressure difference
is time invariant. Consequently, after an initial transient flow &3dntion 2.1. 1the pool of
evaporating cargo fluid formed at the sea surface from the rising column of cargo effluent
has a time-invariant are&, given by

5/2
 yRgAuA) P2
- w
Nevertheless, at large enough, the pool formation will become unsteady, like that for an
instantaneous spill.

Any puncture whose vertical extent lies both above and below the vessel's waterline will
completely drain the cargo fluid from the hold.

(37)

u

3. Examples

In this section, we consider several examples of calculations for spills from LNG and oil
tankers, using typical values of the spill parameters for each type of vessel. The principal
parameter variable used to express these examples is thda@fahe puncture in the
side of the vessel, which we assume to lie within the range of 1-20The lower value
represents the smallest hole of consequence while the higher limit is perhaps the largest to
be expected in a severe collision or explosion.

We take as variables of interest the maximum pool atgaand the vaporization time
tv. Expressed in terms of the dimensionless variabfgsand#; and the dimensionless
parametet (Eq. (18), they are

A [AnvOho) p*(2nA)ghpA? " an (38)
m = —w m — w2 ﬁ

1 Theinterface between the cargo fluid and the sea water in the neighborhood of the puncture is unstable, leading
to unsteady flow. The steady flow relations used here approximate the time-averaged flow through the puncture.
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_(At) [ho, Atho ve
= (o = () v ©

where the dependence upon the paraméteis expressed through the valuegfn (38)
and (39)and the implicit dependence af, andz; on ¢ (seeTable landFigs. 4 and h

As explained inSection 2 there is a critical value o\, (Eqg. (8) that distinguishes
between the mostly quasi-steady outflow and pool formation from a small puncture and the
rapid unsteady outflow from a large hole. We may calculate this critical @y, from
Eqg. (18)by using the value ap. = 1.784 fromTable 1, obtaining

(40)

1/4
ﬁz(zm)wzhoA?)
8

(An)e = 0.749(

The corresponding critical values &f, ands, are found fronEgs. (38) and (3% ndTable 1
to be

2 371/4
(Am)e = 1.071[%} (41)
B Atho 1/4

In the case of pool fires, thermal radiation can be estimated from the heat release rate of the
combustion of the liquid fuel. The heat release r@tg averaged over the duration of the
pool fire is determined from

_ (hoAv) pche
= —tv

Qav (43)
whereh. is the fuel heating value per unit mass. For underwater punctures, the steady flow
heat release rat@ is found fromEg. (37)to be

5/2\1/2
Y(28AuAy)
Qu=—"—N = pene (44)
The thermal radiative flug at a distance from the center of the pool fire is sometimes
estimated af8]:
nQ
= 45
1= 4nr2 (45)
wheren is the fraction of the pool heat release ratghat is emitted as thermal radiation.
Eq. (45)only applies at large distances from the pool fire.

3.1. LNG tanker pool fire

LNG tankers carry a liquid cargo having a density 42% of that of sea water. The cargo
volume exceeds the displacement volume of the fully-loaded vessel by 30-50%, with the
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Fig. 7. Solid lines represent the maximum pool argg and pool fire duratiom, for a 14,300 r spill from a
single hold of an LNG tanker as a function of the puncture aigaDashed line denotes the pool arafor an
underwater puncture.

336 result that more than half the cargo volume is elevated above the vessel watelfiD&

337 is the fully-loaded draft (vertical distance from the waterline to the keel), then for a typical
338 LNG tanker the initial heightq of the upper surface of the cargo fluid above the waterline
339 isabout 1.1DR. The cargo surface arras related to the cargo tank volume CTV Ry ~

340 0.52(CTV/DR). For an LNG tanker of 125,00Fmargo capacity, with an 11.8 m draft and
341 25,0008 cargo tank volumelo = 13 m andA; = 1100 nf. The volume of the spilled

342 fluid, hoAy, is 14,300 M. These values are used in subsequent calculations.

343 The LNG pool spreading and evaporation are determined by the parametgrand

344 w. For LNG spreading on sea watet, = 0.58. In axisymmetric pool spreading, =

35 4/+/3 = 2.31[2]. For confined LNG pool fires where heating from the substrate below is
346 inconsequentialy = 1.9 x 10~* m/s[5]. For confined LNG spills on water, the maximum
347 evaporation rate is) = (5-7) x 10~4m/s; it is thought that this rate applies to unconfined
348 spills on water[9]. Assuming that these rates should add for an unconfined pool fire on
349 water, which is simultaneously heated from above by the pool fire and below by the warmer
350 water, we choose = 8 x 10~*m/s.

351 A plot of the maximum pool arean, and pool fire duration for an LNG tanker spill from

352 @ 25,000 M hold, as a function of the puncture atég, is shown inFig. 7. For Ap, less than

353 the critical value of 9.09 f(seeEq. (41), the pool area increases to.1& 10* m?,2 while

354 the pool fire duratiom, decreases to 3.3 min, ds, increases to its critical value. This is the
355 range of mostly quasi-steady flow, where the pool fire tends to consume the LNG as fast
356 as it is disgorged onto the sea surface. Rpmreater than the critical value, there is little
357 change in the values of, andz, within the 10-fold increase il shown inFig. 7.

2 Cryogenic liquid cargoes are carried in separate inner thermally insulated tanks that are supported by the ship’s
structure, in contrast with oil tankers where the cargo tank and ship structure are identical.

3 The maximum radius of this semicircular pool is 339 m, greater than the length of about 270 m of the LNG
tanker being considered.
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Fig. 8. Solid line represents the time-averaged heat releas@gatef a pool fire formed from a 14,300hspill
from a single hold of an LNG tanker as a function of the puncture Are®ashed line represents the heat release
rate Q,, for an underwater puncture.

The pool fire aread for an underwater puncture of arelg is shown inFig. 7 as a
dashed line. These values are computed fEam(37) which assumes a balance between
outflow (which is steady) and vaporization. But for the highest value,aghown, the high
discharge rates imply a transition to unsteady pool growth and a limiting pool area as in the
case of above-water discharges. The corresponding pool areas for such conditions have not
been calculated.

The time-averaged heat release r@tg from a pool fire for this spill is plotted ifrig. 8,
as a function of the puncture arda. Its value at the critical condition is 1.53 TW. As was
the case for the other variables showrrig. 7, Qay Shows less variability for supercritical
values ofAp, than for subcritical ones.

Also plotted as a dashed linefiig. 8is the heat release rafg, for an underwater release.

The limiting value for large release rates is not shown. Compared to above-water punctures,
underwater ones provide smaller values of pool area and heat release rate, for Angiven
but nevertheless reach the above-water values at large ergugh

The distance to a thermal radiation flux of = 5kW/n?, a criterion of human safety
[8], may be calculated frorq. (45)to be 1.9 km for the criticaDay of an above-water
release, if one assumes the lowest empirical valug-6f0.15[8].

3.2. Oil tanker pool fire

In contrast to LNG tankers, oil product tankers have less freeboard compared with their
draft, a consequence of the higher density of oil products. Also, their cargo holds are
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Fig. 9. Solid line denotes the maximum pool argaand pool fire duration, for a 1140 nd spill of gasoline from
a wing and centerline hold of an oil tanker as a function of the puncturesyeBashed line denotes the pool
areaA, for an underwater puncture.
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Fig. 10. Solid line denotes the time-averaged heat releasexatef a pool fire formed from a 1140%rspill
of gasoline from a wing and centerline hold of an oil tanker as a function of the puncturdarBashed line
represents the heat release @tefor an underwater puncture.
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subdivided by longitudinal bulkheads into port, starboard, and centerline compartments.
For this example, we choose a 41,000 deadweight tonne oil tgh®naving a combined
wing and center tank surface arga= 285 n? andio = 4 m. The spill volumehoA; =
1140 n?, is only a quarter of the hold volume of 445G iWe assume a cargo of gasoline,
with densitypc = 720 kg/n¥ and fuel heating valug. = 43.6 MJ/kg. For a gasoline pool
fire, we choose an evaporation rateuof= 0.8 x 10~%m/s[8].

The maximum pool ared, and pool fire duration, for a 1140 n3 spill of gasoline
from a wing and centerline hold of an oil tanker is plottedrig. 9 as a function of the
puncture areap. For puncture areas greater than a few square meters, the discharge time
is short enough that the spill may be considered instantaneous, with a maximum area of
79,700 nf and a burnup time of 5.1 min. Compared with Section 3.1.NG spill of more
than 10 times this volume, the maximum pool area is about one-third as great and the fire
duration is 50% longer. These differences are primarily a consequence of the spill volume
and regression rate. Also shown inFig. 9is the pool area , resulting from an underwater
puncture, for the limited hole size where a steady discharge is maintained.

As was done for the LNG spill oSection 3.1 we plot inFig. 10the time-averaged
heat release rat@,, as a function of the puncture arda. For large enoughy, Qay is
0.116 TW, only about 8% of that for the LNG spill example. This difference reflects the
smaller spill volume and longer fire duration. Also showirig. 10is the heat release rate
Q\ for an underwater puncture.

4. Conclusions

When the cargo hold of a tanker is ruptured, the fluid cargo flows out of the hold onto
the surface of the ocean, in an amount and at a rate that depends upon the size and location
of the rupture and the dimensions and vertical placement of the hold with respect to the sea
surface. The outflow volume is ultimately limited by the establishment of a static equilibrium
between the fluid remaining in the hold and the external sea water, while the rate of outflow
can be estimated from inviscid gravity flow relations. The spilled fluid spreads on the sea
surface, eventually evaporating entirely by heating from below (in the case of cryogenic
fluids) and/or above if a fire is established above the pool. This dynamic outflow and pool
development is a time-dependent process.

A model of the outflow and pool development processes, expressed in dimensionless form,
is shown to be dependent upon a single parametdedq. (18) whose value distinguishes
the extreme cases of a relatively small puncture area having a slow discharge rate from its
inverse. In the former case, the pool fire characteristics are determined by the discharge
rate; in the latter case, the spill volume is determinative.

For cargo hold punctures that are completely or partially below the sea surface, additional
outflow will ensue, accompanied by sea water intrusion into the cargo hold, at rates that are
not yet well determined.

Specific examples of an LNG and oil tanker (gasoline cargo) spills show that the range
of credible rupture areas considered ensures that, for all but the smaller areas, the spills
can be considered to be instantaneous (and thereby dependent only upon the spill volume).
Typical LNG spills are larger in volume (14,000 versus 1130, rtheir pool fires are larger
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in area (20 versus 8 10*m?) and greater in combustion heat rate (1.9 versus 0.12 TW),
and burn faster (3.3 versus 5.1 min) than oil product spills.

An upper limit to the maximum pool area and a lower limit to the pool fire duration
may be obtained fronkqgs. (38) and (39%pecialized for the case of instantaneous spills
(¢ — 0). Using the appropriate values fromable 1and selectingg = 2.31 as explained
in Section 3.1these limits become

Ag(hoAp3\ ™
Am < 258 (g(—ozt)> (46)
w
Ah 1/4
ty > 0.785( 22 (47)
Agw?

where(hgA¢) is the volume of the spill and ,, is the maximum area of the semicircular
pool.
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