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bstract

Treating the dynamic effects of accidental discharges of liquefied natural gas (LNG) is important for realistic predictions of pool radius. Two
henomena have important influence on pool spread dynamics, time-varying discharge (blow down) and pool ignition. Time-varying discharge
ccurs because a punctured LNG tanker or storage tank drains with a decreasing liquid head and decreasing head-space pressure. Pool ignition
ncreases the evaporation rate of a pool and consequently decreases the ultimate pool area. This paper describes an approach to treat these phenomena
n a dynamic pool evaporation model.

The pool evaporation model developed here has two separate regimes. Early in the spill, momentum forces dominate and the pool spreads
ndependently of pool evaporation rate and the corresponding heat transfer rate. After the average pool depth drops below a minimum value,

omentum forces are largely dissipated and the thin edges of the pool completely evaporate, so pool area is established by the heat transfer rate.

he maximum extent of a burning pool is predicted to be significantly less than that of an unignited pool because the duration of the first regime

s reduced by higher heat transfer rates. The maximum extent of an LNG pool is predicted to be larger upon accounting for blow down compared
ith using a constant average discharge rate. However, the maximum pool extent occurs only momentarily before retreating.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The hazards of importing liquefied natural gas (LNG) have
een the subject of a considerable body of literature [1–5]. The
ocus of hazard analysis has been primarily on large-scale pool
res. Flash fire hazards are of secondary importance because of

he brevity of exposure at a given location. Explosion hazards are
enerally considered unlikely in marine operations because of
he absence of congested structure to accelerate flame speeds.
xplosion hazards to LNG vaporization terminals are consid-
red a localized threat, of primary significance to the terminal
acilities, although close neighbors could be affected.

In this paper we develop predictions that account for the
ynamics of LNG pool spread and evaporation. This extends
arlier work on the development of discharge, rainout, and

ool evaporation models [6–8] including the most recent
afeSite3G

TM model [9,10]. By accounting for the dynamics
f pool discharge and pool spread, the entire event takes on
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pool fire; Pool spread and evaporation

ore characteristics of a flash fire. The physical phenomena
hat influence the extent of LNG pools and fires, are time depen-
ent discharge rates, time dependent pool spread and the effect
f ignition on pool evaporation rate. These are discussed in turn.

. Discharge duration decreases inversely with
ischarge rate

Two types of LNG carriers are in common use, the mem-
rane type and the Moss sphere type. Both are of double hull
onstruction. A membrane carrier has typically five LNG tanks
ith a cross-section illustrated in Fig. 1. Individual membrane

anks are usually larger than an individual Moss sphere, and lay
ower in the water than Moss spheres.

Time-dependent discharge or blow down develops when
n LNG tank is punctured below the LNG liquid level. The
riving force for liquid discharge is the head pressure plus
he liquid head, both of which decrease in time. The head

ressure decreases because of the piston effect that enlarges
he vapor space. Internal evaporation increases the vapor in the
eadspace, but usually not fast enough to avoid developing a
light vacuum in atmospheric tanks. A vacuum breaker valve

mailto:woodward@wbeng.com
dx.doi.org/10.1016/j.jhazmat.2006.10.050
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Nomenclature

Ah effective cross-sectional area of puncture (m2)
Apool pool area (m2)
AT cross-sectional area of tank (m2)
b burning regression rate (m/s)
CD discharge coefficient, dimensionless
ev error between vapor densities ρg and ρV (kg/m3)
EL mass of liquid emitted from tank (kg)
Fdis discharge rate (kg/s)
FD viscous drag force (N)
Fevap evaporation rate (kg/s)
Fg gravity spreading force (N)
FI inertial spreading force (N)
FS surface tension force (N)
g gravitational constant (m/s2)
Gdis discharge flux (kg/(m2 s))
Gevap evaporation flux (kg/(m2 s))
h height of liquid layer (partly submerged) (m)
�H change in specific enthalpy (J/kg)
IV internal evaporation rate in tank (kg/s)
mair mass of air in tank vapor (kg)
mL mass of liquid in tank (kg)
mV mass of vapor in tank (kg)
Mi mole weight of component i (kg/kg mol)
MV molecular weight of vapor (kg/kg mol)
Mw air molecular weight of humid air (kg/kg mol)
Pamb ambient or back pressure (Pa(a))
Phole pressure at mid-point of rupture, including

hydraulic head (Pa(a))
PT head pressure in tank (Pa(a))
Pvap vapor pressure (Pa)
�Pv set set point for vacuum breaker valve (Pa(g))
R gas constant (J/(kg mol K))
Rpool radius of pool (m)
t time (s)
TT temperature of tank contents (K)
u velocity of discharging fluid (m/s)
vV specific volume of vapor (m3/kg)
VV volume of vapor space in tank (m3)
wair mass fraction of air in vapor
yair mole fraction of air in vapor
yI mole fraction of inerts in vapor (inerts could be

initial air in tank)
zL non-frothy liquid level in tank (m)
zT interior height of tank (m)

Greek letters
μw viscosity of water (Pa s)
�ρ normalized buoyancy
ρg vapor density calculated from equation of state

(kg/m3)
ρL liquid density (kg/m3)
ρV vapor density calculated as mass/volume (kg/m3)
ρw density of water (kg/m3)
σ net surface tension on spreading liquid (N/m)

Subscript
k Current time increment
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Fig. 1. Typical cross-section of membrane tank LNG carrier.

ay open intermittently during the blow down and restore
he head pressure to atmospheric, causing slight increases in
ischarge rate. In the example case below, with a 3 m equivalent
iameter puncture, the vacuum breaker valve is predicted to
pen essentially every 20 s. The pertinent equations solved for
blow down model are detailed in Appendix A.

As an example case, consider a double-hull membrane type
NG carrier with five tanks averaging 35,000 m3 of LNG each.
ypically, 25,000 m3 is above the water level giving a liquid level
f about 17 m above the water level. A puncture of both the inner
nd out hull is postulated at the water level. The composition of
NG varies primarily with the source location of the LNG, and

anges typically from 80% to about 97% methane. We use here
hypothetical middle-range composition listed in Table 1.

Blow down predictions are shown for various postulated
quivalent diameter of punctures to the inner and outer hull in
igs. 2 and 3. Fig. 2 plots liquid level on a logarithmic time
cale. With large equivalent diameter hole sizes of 3 and 5 m
he level drops quickly and the discharge duration is short. The
redicted discharge rate is shown in Fig. 3, decaying in time.
he discharge rate curves tail off, and this tail has been omitted
n Fig. 3. The drain time listed in Table 2 is taken to the point
here discharge rate tails off (the last point in Fig. 3).
The effect of tank shape is seen in Figs. 4 and 5. Fig. 4 plots

he tank volume for a membrane tank with the proportions shown

able 1
NG composition modeled

omponent Mole (%) Mass (%)

ethane 91.0 83.13
thane 7.921 13.56
ropane 0.372 0.934

so-Butane 0.521 1.725
-Butane 0.149 0.493
so-Pentane 0.037 0.152

otal 100.000 100.000



480 J.L. Woodward / Journal of Hazardous Materials 140 (2007) 478–487

Fig. 2. Tank level with various equivalent hole diameter for blow down of LNG
carrier.
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Fig. 4. Tank volume vs. LNG level for beveled membrane tank.
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Fig. 3. Discharge rates for blow down of LNG carrier.

n Fig. 1. With these proportions the initial LNG level is 3.24 m
bove the lower corner of the bevel and 17 m above the water
evel. The bevel is 6.6 m on each side, and the tank height and
idth are 28 and 30 m, respectively. The effect of the bevelled

ank cross-section is minor.
Fig. 5 plots the blow down discharge rate for a bevelled mem-

rane tank, a rectangular membrane tank, and a spherical tank
f volume 25,000 m3 to be comparable with the membrane tank
xample cases. Normally, Moss spheres are smaller than mem-

rane tanks. Clearly, the response of the bevelled tank is very
early identical with that of a rectangular tank. The spherical
ank begins with a larger liquid head and a corresponding higher

able 2
ummary of predicted blow down duration for LNG carriers

ole
iameter (m)

Initial discharge
rate (kg/s)

Average discharge
rate (kg/s)

Drain time
(min)

.5 980 522 354
3,890 1,834 101

33,930 9,490 19.7
91,200 19,600 9.43
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Fig. 5. Effect of tank geometry on discharge rate for 3 m hole.

nitial discharge rate, and consequently has a shorter drain time.
he shape of the discharge curve for a spherical tank is slightly
ifferent from that for the membrane tank as well.

. Spreading LNG pool with constant discharge rate

For a constant discharge rate of LNG onto water, a steady state
ool area is developed in a reasonably short time. At steady state,
he discharge rate, Fdis, equals the evaporate rate, Fevap, at a pool
rea, Apool. For cryogenic liquids, including LNG, evaporating
n water, the evaporation rate flux, Gevap defined as Fevap/Apool
s constant, so at steady state:

evap = Fdis (1)

pool(t) = Fdis(t)

Gevap
(2)

or a circular pool, pool radius, R , is:
pool

pool =
(

Apool

π

)1/2

(3)
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Table 4
Burning and evaporation flux for LNG on water from China Lake Tests [13]

Experiment Burning Gevap (kg/(m2 s))

3 0.431
5 0.401
6 0.361

12 0.221
1 0.199

c
0
t
o
l
m

o
i
e
R

b
s
0
fl
t

b

Fig. 6. Measured evaporation flux for cryogenic liquids on water.

There is speculation that the evaporation flux is not actually
onstant but depends upon the degree of turbulence generated
uring the spill. If the spill drops from a height and penetrates
he water level, increased mixing and turbulence is likely, as
videnced by such experiments involving cryogenic liquids that
esulted in a rapid phase transition explosion. According to
his theory, the evaporative flux would be higher near the spill
nd decrease farther away. In the absence of experimental data,
hough, the assumption of a constant evaporation flux cannot be
mproved upon at present.

LNG evaporation rate experiments have been summarized,
ncluding reviews by ABS [1] and Prince [2]. Experimental data
n the evaporation flux of cryogenic liquids on water are summa-
ized in Fig. 6 from various sources cited by Prince and listed in

able 3. There is likely a composition effect on the LNG test data,
ut no attempt is made to adjust the carbon number to accom-
odate this fact. From Fig. 6, an average rate for the evaporation
ux of LNG (as methane) on water is 0.180 kg/(m2 s).

able 3
vaporation rate data for cryogenic liquids on water

pilled liquid Gevap (kg/(m2 s)) Reference

itrogen 0.127, 0.201 [14]
itrogen 0.165 [15]
ethane Max. 0.180 [16]
ethane 0.180 [17]

NG 0.181 [14]
NG 0.155 [15]
NG 0.181 [18]
NG 0.200 [19]
NG 0.195 [20]
NG 0.195 [21]
NG 0.156 [22]
NG 0.124, 0.126, 0.153 [23]
NG 0.250 [24]
NG 0.168 [25]
thylene 0.129 [18]
thane 0.112 [18]
ropane 0.0718 [18]

0.270 [24]
-Butane 0.0234, 0.0293 [24]
-Butane 0.0290 [18,26]
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7 0.154
4 0.152

For comparison, the evaporation flux for LNG on insulating
oncrete was found in the Montoir 35 m diameter tests [11] to be
.14 kg/(m2 s). By minimizing the contribution of heat conduc-
ion from the substrate, this represents the isolated contribution
f heat from the fire. However, as discussed by Raj [4] it is
ower by about a factor of 2.5 from the value calculated using

easurements on heat flux from the fire.
Only a few experiments have been conducted of burning LNG

n water. Mizner and Eyre [12] spilled LNG at Maplin Sands
n the UK and measured fire radiation but did not measure the
vaporation rate. Experiments at China Lake, CA reported by
aj et al. [13] found values listed in Table 4.

Various authors have postulated a value for the ratio of
urning to non-burning evaporation flux of LNG on water, as
hown in Table 5. Taking the non-burning evaporation flux as
.180 kg/(m2 s), the postulated values for burning evaporation
ux are also listed in Table 5. The regression rate, b, is related

o the evaporation flux by

= Gevap

ρL
(4)

Using a value for the liquid density of 449 kg/m3 gives the
urning regression rate in Table 5. The non-burning regression
ate corresponding to 0.18 kg/m2 s is 0.40 mm/s. For compar-
son, the burning regression rate for fresh gasoline and diesel
aries from 0.03 to 0.1 mm/s according to Ref. [27] cited by
ef. [28].

Values of the burning to non-burning flux ratio should be
reater than unity. We use here the value of 0.45 kg/(m2 s) for
he evaporation rate of LNG burning on water (a factor of 2.5
imes the unignited rate).

TM
The SafeSite3G model [9,10] is used to predict LNG pool
adius for an unconstrained spreading pool on water (no influ-
nce of the LNG carrier) using a constant average discharge rate
nd the discharge duration as the drain time, both from Table 2.

able 5
atio of evaporation flux on water for burning to non-burning LNG

atio Burning Gevap

(kg/(m2 s))
Burning regression
rate (mm/s)

Reference

.5 0.450 1.0 [29,30]

.89 0.340 0.757 [31]

.41 0.254 0.567 [5]

.62 0.112 0.249 [28]

.40 0.072 0.160 [32]
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Table 6
Steady-state pool radius for unignited and burning pool

Hole diameter
(m)

Average discharge
rate (kg/s)

Unignited pool
radius (m)

Time to reach
steady state (s)

Burning pool
radius (m)

Time to reach
steady state (min)

0.5 522 30.4 58 19.2 0.5
1 1,834 56.9 164 36.0 1.7
3 9,375 129 316 81.4 2.0
5 19,610 186 345 118 3.7
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ig. 7. Pool radius for spreading unignited LNG on water using constant average
ischarge rate.

he pool spread model predicts a pool radius that slightly over-
hoots the steady-state pool size as shown in Fig. 7. The predicted
teady-state pool size agrees with expectations in Table 6. The
uration at which the pool is predicted to be at steady state
ecomes shorter with larger equivalent hole diameters. Quiao et
l. [33] plot the steady-state pool radius against hole size and

how that this curve saturates above hole sizes of about 5 m,
pproaching the size for an instantaneous spill. The predicted
ool evaporation rate equals the liquid discharge rate at steady
tate as illustrated in Fig. 8 for a 3 m hole.

ig. 8. LNG unignited pool evaporation rate and pool radius for 3 m hole.
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ig. 9. Comparison of ignited and unignited LNG pool for constant average
ischarge rate from 3 m hole.

. Effect of ignition on LNG pool size for constant
ischarge rate

Clearly, an ignited LNG pool on water will reach a much
maller steady-state pool. Fig. 9 plots the pool radius for an
nignited and a burning pool for a constant discharge rate from
3 m diameter hole. If ignition occurs at any time, the pool radius
ould be expected to move over some time from the upper curve

o the lower.

. Spreading LNG pool coupled with dynamic
ischarge rate for unignited pool

The blow down discharge rates are used as the input rate to the
ool spread and evaporation model (PEV) in the SafeSite3G

TM

odel. This assumes that the 5 m spill behaves more like a con-
inuous than an instantaneous release. The PEV model makes
se of the analytic solution of Dodge et al. [34] for contin-
ous releases given in Appendix B. Dodge et al., similar to
ay [31,35] identify three spreading regimes. The first is the
gravity-inertia” regime where the gravity spreading and inertial

orces are approximately equal. This is followed by the “gravity-
iscous” regime where the gravity spreading and viscous drag
orces are approximately equal. For non-volatile materials that
ay spread to form thin slicks the third regime may occur, the
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age pool depth is depleted to the minimum value. This is made
clear by plotting the predicted average pool depth versus time
in Fig. 13. Pool depletion forces a reduction in pool area after
about 240 s for a 3 m hole, and after about 120 s for a 5 m hole.
J.L. Woodward / Journal of Haza

viscous-surface tension” regime where the viscous drag and
urface tension forces are dominant.

Alternative assumptions can be applied for the actual pool
epth gradients across the pool. The simplest assumptions are

1) The pool depth is thickest at the source and thinnest at the
leading edge. This is likely to be the case for a continuous
discharge.

2) The pool depth is thickest at the leading edge. This has
been observed for experiments in which the spill is nearly
instantaneous. The spilled mass is largely contained in the
spreading interface, leaving a thin layer behind.

In the first assumption, the pool radius will retreat by evap-
ration of the thin leading edge. In the second assumption, the
ool will evaporate first in an inner core, so a trailing edge of
he pool develops and moves forward until it catches up with the
eading edge as the last bit of LNG evaporates. That is, apply-
ng a linear gradient with the first assumption, the average pool
eight, h, is at mid-radius, and the gradient is given by

�h

�R
= 2h

R
(5)

Idealizing the linear gradient to zero height, by the definition
f regression rate, b, the mass in the leading edge between a
eight of 2b and zero will completely evaporate in 1 s. So when
he average pool height reaches hmin, taken as 10 mm, the pool
ill retreat a radial increment of �R given by

R = 2b
�R

�h
= 2b

R

hmin
= 0.8

10
R (non-burning pool) (6)

In practice, the PEV module numerically solves stan-
ard mass and energy balance differential equations listed in
ppendix A. An average pool depth, h, is found as the time-
arying mass of liquid in the pool, mpool, divided by the area of
he liquid pool, Apool. When the pool depth drops below a min-
mum average value, hmin, then the next pool area is set to the
teady-state value given by Eq. (2). This keeps the average pool
epth equal to the minimum depth and effectively accomplishes
he radius reduction given by Eq. (6).

With this approach the predictions for pool radius are as
hown in Figs. 10 and 11. The steady-state pool radius calcu-
ated using Eqs. (2) and (3) with a current value for the discharge
ate is shown along with the pool radius predicted by the PEV
odel. The solution for a 1 m hole, the light solid line in Fig. 10,

lightly overshoots the steady-state solution and then is set equal
o the steady-state value when the average depth reaches the hmin
alue. For a 3 m hole, the solution is similar, but with a more
ronounced overshoot of the steady-state solution.

In Fig. 11, the PEV solution for a 5 m hole (open diamonds)
eaks at a radius of 240 m, a lower maximum pool radius than
hat for a 3 m hole. The solution for a 3 m hole (open circles)

eaches a peak value of 294 m before decaying to the follow
he steady-state pool radius. The reason for this difference is
xplained by the properties of the time-varying discharge rate
olution.

F
u

ig. 10. Pool radius with time-varying source rate from blow down and an
nignited LNG pool with a thin leading edge for a 1 and 3 m hole, 25,000 m3.

First, the peak radius values for a time-varying discharge rate
olution (Figs. 10 and 11) are higher than those for a constant
ischarge rate (Fig. 7) because the time varying discharge rates
re higher than the average discharge rate early in the response.
onsequently, the early high discharge rates from large holes
roduce a high-momentum pool spread until either the blow
own rate slows dramatically or the average pool depth reaches
minimum at which a thinning pool shrinks.

To illustrate the first point, the blow down rate for a 5 m hole
lows perceptibly just past 120 s. This time is at the knee of
he blow down curve in Fig. 2. Fig. 2 is expanded and put on a
inear scale in Fig. 12 to make this clear. The knee of the blow
own curve for a 3 m hole occurs later, at about 350 s, and by
hat time the pool has reached its minimum pool thickness and
s retreating.

Secondly, the PEV solutions begin to decline after the aver-
ig. 11. Pool radius with time-varying source rate from blow down and an
nignited LNG pool with a thin leading edge for a 3 and 5 m hole.
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Fig. 12. Early portion of blow down curve for 3 and 5 m holes.
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Fig. 14. Effect of igniting LNG pool on predicted pool radius for 1 and 3 m hole
sizes.
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ig. 13. Average pool depth as predicted by the PEV model for 1, 3 and 5 m
oles.

. Effect of ignition on pool with time-varying discharge
ate

As would be expected, the maximum pool radius is reduced
hen the pool is ignited. Figs. 14 and 15 compare the unig-
ited and the ignited pool predictions for holes of 1, 3, and 5 m
quivalent diameter. With the assumptions of the PEV model,
he pool spread rate is initially independent of the evaporative
ux rate, so the pool spread for a burning pool follows that of a
on-burning pool. Since the burning evaporation rate is higher
han a non-burning evaporation rate, the minimum pool thick-
ess is reached sooner with a burning pool. At that point the
ool contraction begins and the pool radius trends toward the

imiting pool radius predicted by the steady-state formula, Eq.
2). With a burning pool, the maximum pool radius occurs with
5 m hole, but this maximum is nearly the same as that for a
m hole.

p
W
t
c

ig. 15. Effect of igniting LNG pool on predicted pool radius for 3 and 5 m hole
izes.

. Conclusions

The PEV pool evaporation model described here uses an ana-
ytic solution for pool spread as long as the average pool depth
s above a minimum value. In this region, pool spread is insen-
itive to the heat transfer rate from the substrate to the pool, so
oth burning and non-burning pools are predicted to spread at
he same rate. Upon applying a time-dependent discharge rate
s the source rate to the pool, the early discharge rates force
he pool radius to larger values than would be predicted using
constant average discharge rate. The resulting large pool area
roduces an evaporation rate higher than the source rate, so the
ool inventory depletes and the average pool depth decreases.

hen the average pool depth drops below a minimum value,

aken here as 10 mm, the depth is held constant and pool area is
alculated from the pool inventory as the volume to depth ratio.
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he evaporation rate is calculated from the constant evaporative
ux rate times pool area. With this approach, the predicted pool
rea decreases. By assuming that the leading edge is thinner than
he depth at the source, the leading edge recedes. The pool radius
or a burning pool is smaller than that for a non-burning pool
hile the pool is shrinking.
For a non-burning pool, the PEV model with a time-varying

ischarge rate predicts that a maximum pool radius will occur
ith about a 3 m diameter hole. The predicted pool radius using
time-varying source rate is larger, at early response times, than

hat predicted using a constant average discharge rate. However,
he maximum pool radius occurs only momentarily. In contrast,
here is a larger duration to the steady-state pool radius that
evelops if a constant discharge rate is assumed. The duration
f the steady-state period for a constant discharge rate decreases
ith increasing hole size.
Upon ignition, the LNG pool area is predicted to decrease if

he pool has already expanded to the point where the average
ool depth has dropped below a minimum value, taken here
s 10 mm. However, if ignition occurs before this point, pool
preading is unaffected by ignition, but rather is controlled by
omentum terms.

ppendix A

.1. Blow down modeling theory

There are two types of LNG carriers, Moss spheres and
embrane carriers. As coded in the SafeSite3D

TM model, both
ypes of geometry are treated. For spherical geometry the cross-
ectional area is a function of liquid level, AT(zL). For simplicity
ere, the geometry of a tank in a membrane carrier is described as
right rectangular volume of width, WT, length, LT, and height,

T, so the cross-sectional area, AT, is constant at WTLT. In code,
he level is found from the liquid volume and the geometry of
he tank via a subroutine.

The mass in the tank above the water level of liquid, mL, and
f vapor, mv, is given in terms of the liquid and vapor density,
L, ρv that are functions of the tank head pressure, PT, and

emperature, TT, that is assumed homogeneous

L(t) = zL(t)ATρL(TT) (A.1)

V(t) = (zT − zL(t))ATρV(PT, TT) (A.2)

nd zL(t) is the height of the liquid. For a hole below the liquid
evel, the discharge rate, Fdis, defines the mass balance on the
iquid above the water line. The discharge rate is defined in terms
f the discharge coefficient, CD, the cross-sectional area of the
ole, Ah, and the discharge mass flux, Gdis, as:

dmL

dt
= Fdis(t) = CDAhGdis (A.3)

The vapor space mass balance can be similarly expressed by

ifferentiating Eq. (A.2) with respect to time:

dmV

dt
= AT

[
(zT − zL)

∂ρV

∂t
− ρV

∂zL

∂t

]
(A.4)

a

P
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In this form, the second term represents the piston effect of
ncreasing the vapor space volume but requires some way to
valuate the derivative of vapor density. Fortunately, there is a
ay to find the vapor mass by focusing on vapor density and the

nternal evaporation rate. Vapor density can be calculated by two
qually valid formulas. To distinguish these formulas, define ρg
y the ideal gas equation of state, and ρv as the mass to volume
atio. Define time, t, as k�t, and designate the current value of
ime-varying variables by the subscript k and the previous values
y the subscript k − 1:

g,k = MV,kPT,k

RTT,k

(A.5)

v,k = mV,k

AT(zT − zL,k)
(A.6)

The vapor space mass must increase in order to maintain the
apor density by an internal evaporation rate, Iv as the liquid
evel drops, or by air admitted by opening a vacuum breaker
alve. Air admission is treated first in the calculating sequence,
ut for discussion, consider first the internal evaporation rate. A
oot-finding routine adjusts the internal evaporation rate, Iv,k, to
rive the following function to within a specified tolerance of
ero:

v,k = ρv,k

ρg,k

− 1 (A.7)

In the absence of air addition, the mass of vapor depends only
n the previous mass plus the internal evaporation rate:

V,k = mV,k−1 + Iv,k�t (A.8)

The denominator in Eq. (A.7) remains relatively unchanged
uring the iterations to find the internal evaporation rate because
he liquid temperature is insensitive to changes in internal evap-
ration rate and tank pressure and vapor molecular weight also
ary slowly. However, the numerator in Eq. (A.7) is sensitive to
v,k so the convergence is generally rapid.

Air addition occurs when the vacuum breaker valve opens.
aking the set-point of the vacuum breaker valve as an increment
Pv set below atmospheric, Pamb, then the vapor space mass is

iven by:

v,k = mv,k−1 + Iv,k�t if PT > Pamb − �Pv set (A.9a)

v,k = mv,k−1 + Iv,k�t + �mair if PT ≤ Pamb − �Pv set

(A.9b)

When the vacuum breaker valve opens, the incremental mass
f air added, �mair, is added to bring the tank head pressure
o atmospheric. The tank pressure is calculated from the vapor
ressure at the liquid surface, Pvap(TT,k−1) and the mole fraction
f noncondensable components includes the added inerts, yI, if

ny, plus air, yair:

T = Pvap(TT)

1 − (yI + yair)
(A.10)
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This equation is solved for the new mole fraction of air after
etting the tank pressure to ambient pressure, or:

air,k = 1 − yI,k−1 − Pvap(TT,k−1)

Pamb
(A.11)

The molecular weight of the vapor mixture, Mv, is updated
rom the vapor components including air. The vapor density is
pdated using Eq. (A.5), and the mass increment of air, �mair
s calculated from the mass fraction of air, wair,k found from the

ole fraction of air:

v,k =
n∑

i=1

yi,kMi (A.12)

v air,k = yv air,k
Mw air

Mv,k

(A.13)

mair,k = wv air,kρv,kVv,k − mair,k−1 (A.14)

Once the head space pressure is adjusted, the pressure at the
id-point elevation, zmid, of the hole, Phole, is found by adding

he hydraulic head:

hole,k = PT,k + gρL(zL,k−1 − zmid) (A.15)

The discharge rate is found for a subcooled liquid discharge
y the energy balance method for the velocity, u, in terms of the
pecific enthalpy of liquid, �HL, which is found by integrating
dP with a constant specific volume, vLiq:

1

2
u2 = −�HL = −vLiq(t)[Phole(t) − Pamb] (A.16)

The mass flux is simply:

dis = uρL (A.17)

The liquid level is updated for the increment discharged,
Fdis, as well as the liquid mass evaporated. The inventory in

he tank and emitted liquid, EL, are updated

L,k = zL,k−1 − Fdis,k�t − Iv,k�t

ATρL,k

(A.18)

L,k = mL,k−1 − Fdis�t − Iv,k�t (A.19)

L,k = EL,k−1 + Fdis�t (A.20)

The time step size, �t, is arbitrary for a subcooled liquid
low down. We typically use values that require about 500 steps
or a complete blow down, and store the results for 50 of these
teps to pass on to the pool spread and evaporation model. For
topping conditions, the blow down model can use a liquid level
hat is approaching the bottom elevation of the hole.

The blow down of a flashing liquid, or of the discharge from

he vapor space of a flashing liquid is slightly more complicated,
ince it involves a frothy liquid that “swells” as the vapor bubbles
ower the density. This case is also treated with the SafeSite3G

TM

odel.
Materials 140 (2007) 478–487

ppendix B

.1. Analytic solution for pool spread on water

The spread of liquids that dissolve, evaporate, and spread on
ater as given by Dodge et al. [34] equates the liquid spreading

orces for different flow regimes in terms of the mass of liquid
n the pool, mL, the average pool depth, h, the density of spilled
iquid, ρL, and water, ρw, the viscosity of the liquid, μL, water,

w, and air, μa, the pool radius, R, and time since the spill, t.
he buoyancy term, �ρ, is defined by:

ρ = 1 − ρL

ρw
(B.1)

The solution for a continuous release of rate Fdis(t) is the
nalytic solution of the differential equations formed by equating
he terms first for the gravity spreading and inertial spreading
orces and second for the gravity spreading and viscous flow
orces to give:

Gravity-inertia regime when 0 < t < t3

R(t) = 1.24

(
g�ρ

ρL

)1/4

Fdis(t)
1/4t3/4 (B.2)

Gravity-viscous regime when t > t3

R(t) = 1.09

[
g�ρ

(μw/ρw)1/2ρ2
L

]1/6

Fdis(t)
1/3t7/12 (B.3)

The transition between these regimes occurs at the time t3
iven by:

3 =
(

1.09

1.24

)6(
ρw

ρLg�ρμw
Fdis(t)

)1/2

(B.4)

solution is given also for an instantaneous spill on water, in
imilar terms. Approximations are involved in applying these
ntegral solutions with time-varying source rate and rapid evap-
ration since evaporation reduces the average liquid height, h,
t each time step.
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