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Summary 

The literature on the spread and vaporisation of cryogenic liquids on-water is reviewed 
and a new model proposed. The model incorporates the features of gravity spreading of 
the liquid pool, mass conservation, heat transfer from the water and the effects of two- 
component LNG (methane and ethane). The new model is tested against experimental 
results for LNG and it is found that the heat transfer rates to LNG spreading on unconfined 
turbulent water are typical of film boiling rates. 

Introduction 

The spread of a liquid on another liquid of greater density is difficult to 
describe mathematically. When the spreading liquid is a cryogen such as 
liquefied natural gas (LNG), the additional complexity of simultaneous heat 
transfer and vaporisation has rendered a complete description of the process 
intractable. Furthermore, although there have been a number of attempts to 
treat individual aspects of the problem, particular areas remain unexplained, 
notably that of heat transfer to the spreading pool. In view of the importance 
of the topic in the context of hazard analysis of cryogenic storage and 
transportation systems, a review of earlier studies has been made to iden- 
tify those areas requiring most attention. Subsequently a new, more com- 
prehensive study has been carried out and forms the subject of this paper. 
The study has been performed specifically on LNG, but can be generalized 
for other cryogenic and similar liquids. 

Review 

One of the early treatments of the spread of oil on water was carried out 
by Fay in Ref. [l] using dimensional analysis arguments and the simple idea 
that the pool spread is a result of the loss of potential energy of the oil pool. 
He identified three stages of the evolution of the pool according to the rela- 
tive importance of the gravitational, inertial, viscous and surface tension forces 
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to its motion. Fannelop and Waldman in Refs. [ 21 and [ 31 used the same ideas 
to derive analytical results for the pool dimensions as a function of time. In 
particular, for a radial pool, they found, with their model for the initial phase 
of the spill in which gravitational forces and inertial forces are significant, that 
the radius of the pool increased as (time) “2. Raj and Kalelkar in Refs. [4] and 
[ 51 derived analytical solutions for the spread of a cryogenic liquid on water 
using Fannelop and Waldman’s results [ 2,3] to obtain boundary conditions 
for their equations, and assuming either a constant heat flux or a heat flux 
governed by the presence of an ice layer. No satisfactory justification for 
either heat transfer model was offered. Other analyses based on Fannelop and 
Waldman’s basic theory and data from experimental LNG spills have also been 
published (e.g., Gideon et al. [6] and May and Perumal [7]). However, all 
these models deal more with the mechanics of pool spread rather than heat 
transfer. 

Insofar as heat transfer to a spreading pool is concerned, it is safe to assume 
that the predominant source of heat is from the water, but the possibilities 
of ice formation, convective motion in the water and the presence of waves 
make a description of the process complicated. There is particular confusion 
in the literature over whether a layer of ice will or will not form. Some heat 
transfer models assume that ice will form, whereas other models merely assume 
a constant heat flux, and do not address the mechanism of heat transfer. In 
general, all earlier attempts to predict vaporisation rates for cryogenic liquids 
on water have been founded on very simple models of the system and often 
quantitatively based on experimental observations of the vaporisation rates. 

Most experimental work has been carried out in circumstances where the 
cryogenic liquid is spilled onto a confined water surface. Frequently the 
cryogen involved has been liquefied natural gas (e.g., [8] ) although pure, 
light hydrocarbons and other liquefied gases have also been used (e.g., [ 91). 
Less often experimental observations have been carried out on unconfined 
water surfaces [ 8,10,11]. Even in the case of the confined spillage experi- 
ments it has not been possible to determine heat transfer rates directly; 
rather, they have been inferred from observation of the rate of change of mass 
of the spilled cryogen (e.g., [9,12] ). In unconfined spillages the determination 
of the heat transfer rate has been even less direct (e.g., [ 111). In only a few 
cases have temperature measurements been performed in the bulk of the 
supporting water (e.g., [13] ). Generally, but not invariably, ice formation 
has been observed to accompany vaporisation from a confined surface (e.g., 
[ 9]), whereas it has seldom been reported in significant quantities on uncon- 
fined surfaces. Furthermore, on confined surfaces the heat flux to liquefied 
natural gas on water reveals a maximum which occurs some 25 seconds after 
the spillage, whereas in an unconfined test such a peak has not been observed 
(e.g., WI 1. 

Given the incomplete experimental information above, it is perhaps not 
surprising that estimates of the heat flux from water to liquefied gas pools 
have ranged. over a factor of 4, from 25 kW/m’ to 100 kW/m2. Moreover, 
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because no coherent model exists which provides a complete description of 
all the available information, it has been usual for workers in the field to 
choose a single value of the heat flux from the range and to apply this uni- 
formly under any conditions. 

Over the last ten years a number of models of increasing sophistication 
have been proposed for the evaluation of the heat flux to a cryogenic liquid 
from water. Some models, such as those of Hoult [ 141 and Fay [ 151 have 
been based on the supposition that a coherent ice layer is always formed on 
the water surface, which grows throughout the vaporisation period. Although 
Fay’s model is the more realistic, since it accountr for the sensible heat loss 
of the ice as it cools, the experimental evidence for unconfined spills indi- 
cates that the formation of ice is not a necessary event, so that neither model 
is universally .applicable. Opschoor [ 161 distinguished between confined and 
unconfined spills and formulated different models for the two cases. For the 
unconfined spill it was assumed that no ice is formed and that the heat is 
supplied by turbulent natural convection in the water. Turner’s analysis of 
convection across a density interface [ 171 was then employed to estimate 
the heat flux to the cryogen and the results were broadly consistent with 
experimental observations. However, the applicability of the analysis to every 
case of cryogenic liquids evaporating on water is by no means clear. For con- 
fined spills, Opschoor’s analysis was restricted to a period of 25 seconds after 
the initial contact between the cryogen and water which coincided with the 
experimentally observed maximum in the heat flux. The decrease in the heat 
flux after this maximum was attributed to the formation and growth of a 
coherent ice layer and the predictions of the model were in agreement with 
observation. In a similar paper [ 181 Opschoor has extended the model to 
burning pools of LNG. 

Valencia-Chavez has conducted a set of carefully controlled experiments 
with confined spills of cryogens on water [ 91. The cryogens studied were 
light hydrocarbon mixtures of different compositions including some repre- 
senting typical liquefied natural gases. He observed that the initial heat 
fluxes for samples also containing ethane and propane were higher than for 
samples of pure methane and that the maximum in the heat flux occurred at 
earlier .times. In order to explain these observations it was assumed that the 
cryogen initially vaporises by film boiling and that a thin layer of ice forms 
at the water surface immediately following the spillage. As time proceeds the 
ice layer grows and causes a reduction in the heat flux until eventually the 
vapour film from boiling collapses, transition occurs and nucleate boiling 
begins on the ice surface. By means of a correlation of the observed times of 
film collapse and a mathematical model of the heat transfer through the 
growing ice layer a satisfactory description of the behaviour in the confined 
spill experiments was obtained. 

Despite the development and partial success of some of the foregoing 
models of heat transfer to boiling cryogens on water surfaces, particularly 
that of Valencia-Chavez in Ref. [9], there still exists no coherent description 
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on the process which is generally applicable to all situations. In this paper 
an attempt is made to produce such a description. It is intended that the 
model should be as independent as possible of particular empirical observa- 
tions. Furthermore, it should apply to a wide range of situations encountered 
in practice, encompassing those created in laboratory experiments which then 
serve as a test of the model. 

There are more models for spread and vaporisation of liquid cryogens than 
have been mentioned here, see for examples refs. [19-221. Raj also gives 
more references in his paper [23]. 

Pool spread 

Fannelop and Waldman’s analysis of oil spread [2,3] resulted in the fol- 
lowing dependence of slick radius on time in the “gravity-inertia” phase. 

R = K (pw - PO) gL3 t2 

[ 

If4 

PW 1 (1) 

where R = slick radius; K = constant of proportionality (1.14); p,,, = density 
of water; p. = density of oil, g = acceleration due to gravity; L = linear dimen- 
sion representing size of oil spill; and t = time. 

One boundary condition required to produce the above results is the 
velocity at the pool edge, which is: 

C k  (Pw - PO) g hLE 1’2 
&,E = 1 

PW 1 
(2) 

where ki is a constant and hr,x is the thickness of the pool at its leading edge. 
Fannelop and Waldman assume ki = 1, which is analogous to the character- 
istic wave speed for a small disturbance. Tne two constants are related by: 

(3) 

as shown by Fannelop and Waldman. 
The detailed analysis predicts a spreading pool to be thickest at its edge and 

thinnest at its centre. The relationship between depth, h, and radius, R , is: 

(4) 

where RLE is the pool radius at the leading edge. This prediction is in agree- 
ment with some observations of LNG spills on water. Burgess et al. [lo] 
reported that a bare patch appeared at the centre of the spills they conducted. 
However, in recent experiments [ 241 the liquid pool is described as having 
approximately constant dimensions. 



The Raj and Kalelkar [ 4,5] analysis of cryogenic spills is based on tne 
premise that a pool is a perfect cylinder. The spread rate is calculated from 
a force balance with the loss of potential energy being equated to “inertial 
resistance”. The results of Fannelop and Waldman are used to obtain bounda- 
ry conditions in the integration of the force balance differential equation. 
This combination is not valid since the premise of a perfect cylinder and 
the incorporation of a vaporisation term are inconsistent with Fannelop and 
Waldman theory. 

May and Perumal [7] argue that the Fannelop and Waldman theory is 
valid for short times, but that the constant of proportionality, K, might be 
different. From eqn. (1): 

_ = K dR (Pw-PL) 3 
l/4 

dt -2- 
gL3 

t-112 

P,+. 
(5) 

where pL is the density of LNG. 
By simulating a series of experimental LNG spills with this equation, they 

found that K = 1.35 provided good agreement with actual pool spread rates. 
From eqn. (3), the constant 12i in eqn. (2) is calculated to be 1.6. 

Although an LNG pool is not strictly a perfect cylinder, it clearly approx- 
imates to a,cylinder. For this reason, and because of the difficulty in 
deriving an analytical description of an LNG pool, it was decided to assume 
that a pool can be described as a cylinder which spreads at a rate given by 
the leading edge velocity (eqn. (2)) with kl = 1.6 and hLE taken to be the 
average pool thickness, hA. The pool mass and geometry are thus described 
by: 

M 
geometry: hA = 

pL 

mass balance: M = M,+j(% -z)dt 

heat balance : 
dM, 
- = nR’@h, 

dt 

(7) 

where M = pool mass; MO = initial mass; dM,/dt = spill rate; dM,/dt = vapori- 
sation rate; 4 = heat flux to pool; and hrr = latent heat of vaporisation. 

In addition it is assumed that there is a minimum depth for the liquid 
pool which will limit its spread. This minimum depth is dependent on the 
surface and for water is taken as 1.8 mm (cf. Ref. [ 81, where the minimum 
depth is proportional to (diameter of po01)~-~~ and which gives 15% lower 
peak vaporisation rates). This model was extended to describe tne vaporisa- 
tion rate of separate LNG components by assuming that the vapour phase is 
in equilibrium with the liquid phase. This assumption was verified for con- 
fined LNG spills on water by Valencia-Chavez. 
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For simplicity, the LNG was assumed to consist of two components, 
methane (A) and ethane (B). The overall mass balance on component A 

dWm XA) 

dt 
= '%XAS - GmY, 

is: 

(9) 

where IV, is the number of moles of material in the pool, L, the molar spill 
rate, G, the molar vaporisation rate; XA and XAs repreSent the methane 
proportion of the liquid pool and the spilling liquid respectively; YA denotes 
the methane proportion of vapour. The suffix B is used to denote ethane 
fractions. 

Overall enthalpy balance on the pool: 

d(Wm ipI 
dt 

= L,i,+nR2Q,-G,i,, 

where i is enthalpy; suffices s and v denote the spilling liquid and the 
vaporising fractions, respectively. 

Composition of the liquid and vapour phases: 

XA + xa = 1 

YA + YB = 1 

Phase equilibrium relationships : 

YA - = KA 
XA 

YB 
-= 

KB 
xB 

KA and Ka are both functions of pool temperature and composition. 

(10) 

(11) 

(12) 

(13) 

(14) 

The mode1 assumes for simplicity uniform pool temperature and composi- 
tion. The model was used as a basis for evaluating the heat transfer model 
described below. 

Heat transfer 

As mentioned in the introduction the complexity of the process of boiling 
of cryogenic liquids on water renders its complete description intractable. 
However, there is considerable merit in the development of a representation 
of the process which, although it does not include every detail, encompasses 
all of its important features. Such a model is essential for the interpretation 
of experimental data obtained in the laboratory as well as for their interpola- 
tion and extrapolation to large scale spillages. 

In order to adhere to this philosophy we first identify the most important 
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processes in the heat transfer and neglect those of a secondary nature entirely. 
The discussion in the introduction has indicated that film boiling, nucleate 
boiling and the transition between them can be important factors in the pro- 
cess, together with turbulent convective mixing in the water and ice forma- 
tion. It has sometimes been suggested that, in the case of liquefied hydrocar- 
bons, hydrate formation (Opschoor [ 18]), water entrainment (Boyle and 
Kneebone [ll] ) and waves on the water surface may be significant, but in 
our analysis these are assumed to be secondary processes and are neglected 
entirely. 

Initial heat tmnsfer process 
For the purpose of this analysis the cryogen is supposed to take the form 

of a flat cylinder of uniform temperature and composition, above the water 
surface. If the spill is unconfined then the radius of the cylinder, R*(t), 
increases with time as described above. At time t = 0 it is assumed that the 

Cl) 

b) 

cryogen 

Vapour film 

Ice 

Water 

TB 

6 

E T, 
z.0 

T, 

Tw = Two 
I Z--L 

Fig. 1. Diagrams of models of heat transfer to cryogenic liquids boiling on water ; 
(a) the situation near t = 0 at the start of the boilaff; (b) the situation during film boiling 
on water ; (c) boiling during ice formation. 
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cryogenic fluid is in direct contact with the water but does not intrude below 
the water surface, as indicated in Fig. la. In this figure TB is the temperature 
of the cryogen (its boiling point) and this may be a function of time if the 
cryogen is a mixture of components of different relative volatilities. If it is 
assumed the mechanism of heat transfer may be represented by a conduction 
equation, then the heat flux to the LNG may be obtained from the solution 
to the three-dimensional Fourier equation : 

a’T, + 1 a PWCPW aTw aTw ( 1 r- =-- 
az2 r ar ar A, at 

(15) 

subject to the boundary conditions 

O< rG R*(t), z = 0, t > 0, T, = TB 

(This is actually the boundary condition at the boundary of the vapour film 
and liquid cryogen but the vapour film is neglected at this stage; also the 
formation of ice is discussed later.) 

r > R*(t), 2 = 0, t > 0, T, = T,,,, 

forallrand t, z = -m, Tw = Two 

and for all r and all z, t < 0, T, = T,, 

where R*(t) is the radius of the LNG pool at a particular instant. 

W-3 

In these equations T, is the water temperature at time t and T,, its value 
at times t < 0. The quantities A,, pW and C,, represent respectively the effec- 
tive thermal conductivity, density and heat capacity of the water. Although 
an analytic solution to eqn. (15) subject to these conditions is possible, a 
simpler and sufficiently accurate solution may be obtained by deriving the 
spatial variation of the temperature in the water from the solution to the 
three-dimensional problem in steady state, and the time dependence of the 
temperature from the transient one-dimensional case. That is to say the 
spatial variation of temperature is obtained from the solution of the equation: 

a2Tw 1 a aT, 
- +-- 
a2 ( 1 r- = 0 

r ar ar (17) 

with boundary conditions 

O<r<R*, z=O, T, = TB 

for all r, 2=--m, T w = Two 
(18) 

whereas the temporal variation of the temperature is obtained from the solu- 
tion of the equation: 



with boundary conditions 

for all 2, t Q 0, Tv.. = Two 

forz=O, t>O, T,=T, 

andz=-=forallt, T,=T, 

(20) 

Both equations have standard solutions (Carlslaw and Jaeger [ 251) which 
may be combined in a way which satisfies all boundary conditions to yield 
for the temperature of the water 

TwO-,O) = (21) 

Two- (Two - TB) erfc (5&J 4 Sin-’ 1 [p-R*)2 +zq~~~;(r+R*)2 +.y j 
in which Fz, is the thermal diffusivity of the water. The physical meaning of 
the approximations involved in this solution is that the three-dimensionality 
of the heat transfer process represents only a first-order perturbation to the 
one-dimensional case which, for pools of large diameter relative to the 
thermal boundary layer in the water, is likely to be the case. The heat flux to 
the cryogenic fluid, q, is then simply calculated according to the equation: 

Q = -L 
aTw 1 ( 1 -g- j 

z=o 

to yield 

2 
4 = ~,(Two-T,) 

n(R *2 - r2)1/2 1 

(22) 

(23) 

Equation (23) represents the heat flux on the assumption of contact be- 
tween the cryogen and the water, but if this value exceeds some critical value 
stable film boiling will result, leading to a different process for heat transfer. 
Sterman [ 261, Kutateladze [ 271 and Moissis and Berenson [ 281 have given 
expressions for the minimum heat flux, qcrit , necessary to sustain stable film 
boiling. They read: 

Qcrit.1 = 0.168 hlv~;‘2 [gal(pl - p,)] 1’4 (24) 

and 

0.18 P&l”[(Pl - P”)lPlP”l t’2 [golh - P,)l 1’4 
clcrit.2 = 

1 + 2wPl)“2 + WPl) 
(25) 

where hl, is the latent heat of vaporisation for the cryogen and subscripts 1 
and v indicate liquid and vapour, respectively. For our model it is supposed 
that stable film boiling will occur if: 
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q > qcrit.1 and q > qcrit.2. (26) 

As an example, for a typical liquefied natural gas pool the initial heat flux, 
q, is about 1.5 MW/m' , whereas the critical heat fluxes are of the order of 
0.3 MW/m' . Thus we conclude that the initial phase of any vaporisation pro- 
cess of LNG on water takes place through film boiling, which is consistent 
with the observations of Valencia-Chavez [9]. 

Film boiling model 
In the previous section the conditions under which stable film boiling will 

occur have been established. When film boiling occurs the physical model of 
the system becomes that of Fig. lb, in which the cryogen at its boiling point 
is separated from the water surface by a layer of vapour thickness 6. 

In this case we can again describe the problem by means of Fourier’s con- 
duction equation although it should not necessarily be assumed that the con- 
ductivity in a particular phase is identical to the molecular conductivity, 
because it may be augmented by convective motion, which was not considered 
in the previous section. 

The two equations for the vapour film and the water are: 

aT, A, a2Tv 
-=-- 

at pvcpv az2 
0<2<6, t>o 

and 

aT, x, a2Tw 
-=- - 

at p,cp, a22 
z<o, t>o 

with boundary conditions 

z = 0, t > 0, h,aT,/a2 = h,aT,/a2 
z = 0, t > 0, TV = T, 

z=6, t > 0, TV = TB 

O<z<6, t<O, TV = T, = T,, 

2 + -m, all t, T, = T, 

(27) 

(28) 

(29) 

The penultimate condition of this set implies the assumption that the vapour 
film is initially at the bulk water temperature. Although not exact, the quanti- 
tative consequences of this assumption are expected to be small, and as far 
as the water is concerned this is of much smaller consequence than the oound- 
ary conditions (16) above. 

The values to be employed for the thermal conductivities of the vapour and 
water are not certain since there may be convective contributions to the 
apparent values of both. We therefore adopt the approach that these quanti- 
ties may be empirical parameters of the model for a particular case. It is 
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interesting to note here that there may be significant differences in the 
appropriate thermal conductivities between spills on fresh water and sea 
water because the former displays a maximum density at 4°C which provides 
a stable density stratification whereas the latter does not. 

In the case when the film thickness, 6, is small, eqns. (27) and (28) are 
readily solved using Laplace transforms to yield the temperature profile 
in the water and the associated heat flux [18]. The results are: 

T, = T,, + (TB -.’ T,,) 

with 

Qfilm = _x, _ ( )I aTw 
az t=o 

(30) 

(31) 

The film thickness, 6, may itself be obtained from an empirical correlation 
given by Hsu and Graham [ 291: 

6 = (2.6-1.9) (32) 

which presumes a laminar vapour layer. In this equation ,uV is the viscosity of 
the vapour, AT the temperature difference across it and u1 the surface tension 
of the liquid. If a mean value of the numerical coefficient is employed the 
film thickness for liquefied natural gas boiling on water is 10e4 m, which is 
consistent with a value reported by Boyle and Kneebone [ll] . 

The transition to nucleate boiling 
There are two possible mechanisms whereby the film boiling process 

described in the previous section may be transformed to nucleate boiling. 
First the cooling of the water surface may eventually lead to ice formation, 
thereby reducing the temperature difference and promoting film collapse. 
Secondly, in boiling of mixtures of cryogenic liquids, the preferential 
vaporisation of the more volatile component [ 111 leads to an increasing 
temperature of the boiling liquid and hence a reduction of the heat flux. In 
the most general case both mechanisms can occur. 

In any event the transition to nucleate boiling may be characterized by a 
critical heat flux, qhid, which corresponds to the Leidenfrost point. Zuber 
[ 311 has given the correlation: 

QLeid = ” 
hlvpv 

24 (pl + kw 
[W(Pl - P”)l 1’4 
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for this criticalheat flux. It could be presumed in the model that whenever 
the heat flux computed from eqns. (30)-(32) falls below this value, for 
whatever reason, that is, 

h.lm<heid, (34) 

then nucleate boiling occurs. This is provided that the process of film boiling 
occurred initially, based on the conditions given by Ref. [ 261. 

An alternative, heuristic approach to the problem of film collapse is 
provided by the work of Valencia-Chavez [9], for cases of confined spills 
when ice is formed during the boiling of light hydrocarbon mixtures. Valencia- 
Chavez [9] observed the time at which the vaporisation rate attained its max- 
imum and identified this as the time of film collapse, ti, . This is also the time 
when ice forms. If this approach is adopted then a second criterion for the 
transition to nucleate boiling is: 

T&=0)< Tr 

where Tv is the freezing point of water. 

(35) 

In the absence of any better guidance it has been presumed in general that 
the transition occurs when either condition (34) or condition (35) is satis- 
fied. In the case that no ice is formed, the heat flux could be computed from 
the equations (15)-(23) but if ice forms a new analysis is necessary. In the 
next section such an analysis is described. 

Boiling on ice 
When ice is formed on the water surface the heat for the vapor-i&ion is 

provided by the latent heat of fusion of the ice and the subsequent cooling, 
thus a new set of equations are required to describe the process. In general, 
the ice will float on the water surface, protruding only slightly above it. 
However, for simplicity, and because the error introduced is small it is pre- 
sumed that the ice layer floats on top of the water surface, as shown in 
Fig. lc. This is equivalent to the neglect of edge effects. In general, the ice 
may be separated from the cryogen by a vapour film as shown in Fig. lc, 
although this will evidently not be the case if criterion (35) is used for 
film collapse. In either event, as wiIl be seen, the basic analysis remains 
unchanged by virtue of the choice of boundary conditions for the problem. 
Denoting by 0 temperatures with respect to the freezing point of water, Tf , 
so that: 

8 = T-TF (36) 

and employing the subscript i to indicate the ice, the equations governing the 
temperature in the ice-water system may be written: 

aei 
- ki 

aZe, 

at az2 
(37) 

in the ice and 



ab a2e 
-=k,L 

at az2 

177 

(33) 

in the water. The coupling equation between the two regions is 

*=--E 
(39) 

where E is the depth of the ice layer and L,i is the latent heat of fusion of 
water. If it is supposed that the surface of water attains the freezing tempera- 
ture at a time tI after the initiation of the spill then the initial condition for 
the solution of equations (37)-(39) is: 

at t=tI, &(t,,z) =-T,(t,,z) - TF for all 2 (40) 

where T,(t,,z) is the temperature profile calculated with the aid of the pre- 
ceeding analysis. The two spatial boundary conditions which must be speci- 
fied concern conditions at the ice surface and the temperature of the water 
at an infinite depth. 

For the former we have adopted the best available condition proposed by 
Valencia-Chavez [ 91 

ei (~~0) = (tlttc) (‘I’z(t) - Tt ) t < tic 

and (41) 

ei(z=O) = (Two -Tf) t > tf, 

according to whether film boiling persists or not judged on the criteria of 
either equation (33) or (26). The time for film collapse, tfc, is dependent on 
hydrocarbon composition. Correlations proposed by Valencia-Chavez are used 
to calculate this parameter. Because equations (37)-(39) cannot be solved 
analytically the second condition is not established at z = -00, but rather at 
z = -1, where 1 is a depth in the water chosen sufficiently large that the assump- 
tion : 

at 2 = -1 for all t, Tw = Two 

introduces a negligible error into the final result. 
Subject to these conditions, eqns. (37)-(39) may be solved by a finite 

difference method, originated by Murray and Landis [ 301, to yield the 
temperature distribution in the ice and water, the thickness of the ice layer 
and the heat flux to the liquid cryogen. In cases where the cryogenic liquid 
is a mixture, account must also be taken of the fact that TB is a function of 
time. But in most cases the change of TB with time, which must of course be 
determined by the independent mass and energy balance, is slow and can be 
easily incorporated into the numerical algorithm. In practice the algorithm 
requires an initial value for the thickness of the ice layer, but this can be set 
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at an arbitrarily small value, which is tantamount to the absence of any ice. 
If there is no significant ice layer growth from this initial value it may be 
assumed that a coherent ice layer is not formed and the analysis then also 
refers to the case of boiling on water. 

Heat transfer in confined spills 

Taken together the models described above provide a complete closed set 
of equations for the boiling of a cryogenic liquid on water. The empirical 
parameters of the models are the effective coefficients of thermal conductiv 
ity in the various fluid phases, which may be presumed to include some con- 
vective contributions and to therefore differ from the true thermal conduc- 
tivity coefficients of Fourier’s Law. 

In order to demonstrate that the model presented above allows a satis- 
factory description of the boiling of cryogenic liquids on water we have per- 
formed calculations of heat fluxes for several confined spills. 

First we have simulated the case of a confined spillage of 10.8 kg/m2 of a 
liquid mixture of 90% methane and 10% ethane on a water surface of 

Heat flux 

kW/m2 

- _ -------- ------ -_165.53 

Calculated values 

Measured values 

\ -c- -- 11.55 

0 
I I I I I I 

0 10 20 30 40 50 60 

Time (5) 

Fig. 2. Vapor&&ion rates for a confined spill of a methanejethane mixture on water ; 
mixture composition: 90% methane, 10% ethane; spill quantity: 10.8 kg/m* on 143 cm* 
of water. 



179 

1.43 X 10e2 m2 of water. These conditions correspond to those employed by 
Valencia-Chavez [9] in one of his experiments. In the simulation we have 
employed tabulated values of the thermophysical properties of the liquid 
mixture and water. In particular, the effective thermal conductivity of the 
water has been identified with the true thermal conductivity value. The 
results of the simulation are plotted in Fig. 2, in the form of plots of the mass 
flux of evaporated material; the predictions are directly compared with the 
experimental values. The agreement is good, all of the qualitative features of 
the experimental curve being reproduced by the simulation. The model 
predicts that the water surface freezes after about one second, in agreement 
with the rapid ice formation observed experimentally. The fall of the heat 
flux towards the end of the boil-off period corresponds to a rise in the bubble 
point of the liquid mixture accompanying the change in composition owing 
to the preferential evaporation of the more volatile component. 

Figure 3 contains the results of simulations of other confined spills using 
a similar set of conditions in the form of plots of the heat flux. The spills 
considered are 10 kg/m2 of 90% methane and 10% ethane mixtures, 30 kg/m2 
of the same mixture and 10 kg/m2 of almost pure ethane. For the larger 
spill, the heat flux reduces rapidly to about 50 kW/m2. Subsequently, the 
changes are more gradual, associated with the growth in the ice layer, and a 
heat flux of about 25 kW/m’ is reached within 4 minutes. 

The heat transfer model proposed for boiling of cryogens on water is 
capable of describing many other experimental observations for confined 
spillages and seems able to describe the limited quantitative observations 
in unconfined spillages by adjustment of just one parameter as described 
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: 
I 6O- 

of 99% ethone 

10 kg/m2 of 90/10 LNG 
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0 20 40 60 80 100 120 140 160 180 200 220 240 

Time (5) 

Fig. 3. Calculated heat fluxes for confined spills of LNG on water. 
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below. Thus, if a few carefully controlled experiments could be carried out 
on unconfined spillages, the present model would provide a sound basis for 
their interpretation. In addition, it makes possible the evaluation of the 
effective thermal conductivity of the water, which can be used to predict 
the heat fluxes to spills other than those investigated. 

Heat transfer and pool spreading in unconfined spills 

Calculations have also been carried out for unconfined spills, but in this 
case a value for the effective (or eddy) thermal conductivity of water 10 
times its molecular value was employed. This represented the general increase 
by an order of magnitude when passing from laminar to turbulent eddy dif- 
fusion. It was found that the water surface did not freeze for a considerable 
time despite the fact that film collapse occurred. This is explained by the 
high rate of heat transfer from the water to the interface. No significant 
amount of ice formation was found even after a prolonged period, in agree- 
ment with experimental observations of unconfined spills. Heat fluxes typical 
of film boiling were predicted. 

Unconfined spills reported in the literature were simulated using the 
pool spread and vaporisation model derived above. Since the heat transfer 
model indicates that film boiling dominates in unconfined spills a typical 
film boiling heat flux of 25 kW/m2 was assumed. For comparison, a heat 
flux of 100 kW/m2, often used in LNG spill simulations, was also assumed, 
as there was insufficient experimental evidence to evaluate the heat flux. 

A 163-kg LNG spill conducted by the US Bureau of Mines (Burgess et al., 
[lo] ) was found to be better predicted using the film-boiling heat transfer 
rate (Fig. 4). A 38-kg LNG spill conducted by Shell (Boyle and Kneebone, 

Observed pool break-up radius 

Minimum depth reached 

Observed pool 
break-up time 

2 4 6 10 12 14 16 16 20 22 24 

Time (5) 

Fig. 4. Simulation of 163-kg spill of LNG on water (U.S. Bureau of Mines test). 
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[ 111) was also found to be better predicted using the film-boiling heat 
transfer rate (Fig. 5); however, both simulations show the model to be in 
error on pool radius. Indeed, the Shell workers reported heat fluxes typical 
of film boiling in their unconfined spills. This provides some experimental 
confirmation for the above heat transfer model and a heat flux of 25 kW/m’. 
However, theory strongly suggests this value. 

A series of large LNG spills conducted by Esso (Feldbauer et al., [ 81) were 
difficult to simulate because the LNG was sprayed onto the water, and con- 
siderable vapor-i&ion undoubtedly occurred before the LNG contacted the 
water. A modelling of heat transfer to the spray jet is beyond the scope of 
this paper, so the simulation of these spills is not reported. 

&---.4.4 
/ Observed pool brwk-up radius 

Assumed heat flux Of 25 kW/m’ 

Assumed heat flux of 100 kW/m” 

1 Minimum depth reached 

L 2.0 
5 

: 
1.6 

Observed pool Observed completion 
break- up time of vaporisdtion 

1; lb ;o 2h 2L 3; 

Time (s) 

I I I r 
3 40 44 46 52 

Fig. 5. Simulation of 3&l-kg spill of LNG on water (Shell test);-: model predictions; 
* observed behaviour. ___* 

Conclusion 

A model of the spread and vaporisation of LNG has been described and 
tested against experimental results of small confined and unconfined spills 
of LNG. A major finding of this study is that heat transfer rates to LNG 
spreading on unconfined (turbulent) water are typical of film boiling rates. 
The simulation of LNG spills on unconfined water in hazard studies should 
therefore incorporate film-boiling heat transfer rates to the spreading pool. 
A value of 25 kW/m2 is a typical figure. 



182 

List of symbols 

Symbols 
c, 
&? 
Gill 
h 
h 
i 
k,K 

Heat capacity. 
Acceleration due to gravity. 
Molar vaporisation rate. 
Latent heat with two suffices denoting phase change. 
Pool thickness (no suffices). 
Enthalpy. 
Constants. 
Functions of pool temperature and composition. 
Thermal diffusivity of water. 
Depth in water where temperature is constant. 
Length scale of an oil spill. 
Molar liquid spill rate. 
Latent heat of fusion of ice. 
Pool mass, MO initially. 
Mass spilled; mass vaporised. 
Heat flux to cryogenic liquid. 
Radial co-ordinate. 
Radius of pool. 
Time. 
Temperature. 
Velocity. 
Number of moles of material in the pool. 
Molar methane portion of liquid pool (xa , ethane). 
Molar methane portion of spilling liquid. 
Molar methane portion of vapour (ya, ethane). 
Vertical coordinate. 

KA&B 

kv 

1 

L 
L, 
L ’ 
MW1 
M, >Mv 
9 

k.R* 
t 
T 
u 
Will 
xA 

xAS 

YA 

z 

6 

AT 
f 
e 
x 
/J 
P 

; 

Vapour layer thickness. 
Temperature difference. 
Ice layer thickness. 
Temperature relative to freezing point of water. 
Effective thermal conductivity. 
Viscosity. 
Density. 
Surface tension. 
Heat flux to liquid pool = q. 

Suffices 
A Average (or methane fraction with x, y). 
B Boiling point of cryogen (or ethane fraction with x, y). 
fc Film collapse. 
fg Liquid to vapour phase change. 
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F Freezing of water. 

;L 
Ice. 

1; 
Liquid. 
Liquid to vapour phase change. 

LE Leading edge. 
m Molar. 
0 Initial. 
0 Oil. 
P Pool. 
S Spilling liquid. 
V Vapour. 
W Water. 
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