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ABSTRACT

An experimental and theoretical investigation was carried out to study
- the boiling and spreading of 11qu1d nitrogen, liquid methane and liquefied
petroleum gas (LPG) on water in a one-dimensional configuration. Primary

: emphas1s was placed on the LPG studies.

Experimental work involved the design and construction of a spill/
spread/boil apparatus which permitted the measurement of spreading and
local boil-off rates. With the equations of continuity and momentum
transfer, a mathematical model was developed to describe the boiling-
spreading phenomena of cryogens spilled on water. The model accounted
for a decrease in the den51by of the cryogenic liquid due to bLbble
formation.

In the case of liquid nitrogen and 1iquid methane sp11]s on water,
the experimental spreading fronts were successfully simulated by assuming
constant evaporation rates (40KM/m2 and 92kW/m2 for nitrogen and methane
respectively) in the theoretical model.

The boiling and spreading rates of LPG were found to be the same as
those of pure propane. An LPG spill was characterized by very rapid and
violent boiling initially and highly irregular ice formation on the water
surface. The measured local boil-off rates of LPG agreed reasonably well
with theoretical predictions from a moving boundary heat transfer model.
The spreading velocmty of an LPG spill was found to be constant and deter-

mined by the size of the distributor opening. The maximum spreading
distance was found to bz unaffected by the sp111ﬂng rate. These observa-
tions can be explained by assuming that the ice formation on the water
surface controls the spreading of LPG spills. While the mathematical
model did not predict the spreading front adequately, it predmcted the
maximum spreading distance reasonasly well,

. The vork described in this thesis provides a first step towards
estimating the extent of hazardous spills from an LKG or LPG tanker
accident. o '
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I. SUMMARY

‘A, THESIS OBJECTIVES

Liquefied petroleum gas (LPG) is cften transported in bulk within
farge iﬁsulated tankers. An accidental spill of such a fluid on water could
lead to a serious hazard since LPG boils well below ambient water'tempéfature
and forms a combustible (and, possibly, an explosive) cloud.

LPG consists primarily of propane with some ethane and butane. When -
brought in contact with water, LPG vaporiges very rapidly and forms a flammable
cloud which is more dense than air and is not readily dispersed. A serious
accident is conceivab]e~if the cloud contacts an ignition source. Evaluating
.the potential hazards from accidents in marine transportation requires reliable
data of boil-off rates and spreading rates for LPG spills on water.

Previous experﬁmenta] work was limited to LPG spilis on confined water
surfaces. It was not known whether the eveporation ratiss measured in the con-
fined area experiments were applicable to unconfined spills where boiling and
spreading occur simultaneously. No experiments had been reported which deter-
mined such rates for LPG spills. It was the objective 6% the present work
to measure experimentally the simultaneous boiling and Spreading rates for
LFG spi]]ed'on a water Surface. A modéT was developed which described the
bof]fng/spreading phenomena of LNG and LPG épf]]s oﬁ water. Fina1Ty; a better
understanding of the fundamentals and mechanism of LPG spills on water was also

an important objective of this thesis.

B. RELEVANT PREVIOUS WORK

Reid and Smith (1978) conducted spills of propane and LPG on water in

an adiabatic ca1orimetér, placed on a Toad ce]i %o record the mass of thé SysQ
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tem continuously. For a rapid spill of propéne or LPG, the initial boiling
rate was found tofbé.extrgme1yvfast and ice fp(matioh took place almost instan- -
taneously on the water surface. Within a few seconds, the watef surface was
covered by a'rough ice sheet, the boiling rate dropped to a smaller vafue,
“and the vaporization then could be well described by a moving boundary model
(Eckért and Drake-(]975)) The boiling rates of LPG were found to be the same
'as those of pure propane. | ' |
Very few exper1ments have been conducted which exam1ne simultaneous boiling

 ,and}spreading rates for any vo]ati]e cryogen. Burgess et al. (1970) used an
_';§verhead'camera to study LNG spills from é ﬁqint_squrce onto_an open pond.
The spreading rate was reported to be constant (0;38 m/s). The boiling rate
was aSsuﬁed'to be the same for bqth confined and unconfined Spi1Ts and equal

. to 92 kw/mz. The time (t) required to evapofate an initial quantity Vo_of LNG
and the corresponding pool dfameter_ (dmax) were estimated by ..

T=24.9 VOV3 (Vo-in m3, T iss) - (I-1)

d

13 .
pax = 19:09 % @) (1-2)

By examining Burgess' spreadihg data; in general, the relationship of
Constant spreading rate was obeyed in therearly part of the tests, BUt Tater
the spread1ng rate decreased. | |

Boyle and Kneebone (1973) made three spills of LNG on a pond and measured
the poo] diameter when the pool began to break up "into discrete patches. The

spreading rate was reported to be constant during a test, but, unexpectedly, it
' decreaseﬁjaﬁ the amount of LPG spilled increased. The_thickness pf_LNG at pool
break -Up was found to bn .8 mm. The bo111ng rate was ca]cu1ated from the ex-

perimentally observed t1me for pool break-up (correspond1ng to the th1cknnss of
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1.8 m) and equalled 15 ki/n’.
: deleand.Knee$one ciaimed'that in a spreﬁding’ﬁituation, ice did_hof-form'.
and Boi]ing rateé should be lower than those for:confined spills.
| Other studies of boiling and spreading of cryogenic iiquids on water have
been theoretical and based predominanf]y upon studies of non-volatile o0il spills
on water. | - |
- Hoult (1972b) coupled the evaporation and spreading rates of LNG to pre-
dict the maximum pool radius and the time for complete vaporization for LNG
spilled on open water. By assuming that the heat used to evaporate LNG cahe
froh-freezing of the water and neglecting the volume 1oss.of LNG during spreading
‘Hou]tlobfained the following expressions for « (the-time for complete vaporii—,

~ation) and r

maximum pool radius at time 1):
max (maximum p ne 1)

t=27.8 vo’/3, (v, inmh<ins) | (1-3)

Foax = 81V 2 @) - (1-4)

Iﬁ Hoult's analysis, the sensible cooling of ice and water were neglected.
The only thermal resistance was within the.ice.layer, no surface resistaﬁce from
the initial film boiling of LNG was considered. ': | |

Fay (1973) improved Hoult's mode] by accounting for the sensible heat of
ice subcooled below the freezing temperature and obtained the fo]lowihg expres;

siops for r_and rma* for LNG spills:

1/3 3

-
f

=9.8v "7 (v inw’, tins)  (1-5)

5/12 (m)

508 VO (I"G)

r
max

By equating the gravitational spreading force to the inertial resistance
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force, using a constant heat flux (q) and mean thickness approximation, Raj
and Kalelkar (1973) developed a model to predict the maximum pool radius and-

the time required to evaporate an initial spilled volume VO:

1/4

°L2 AHVZ Vo .
T =1.67 — - (I-7)

gaq
1/8
0.2 2 gay3
rooo= | L (1-8)
max QZ

where PL is the cryogen density, AHV is the heat of vaporization, g is the gravita-
tional acceleration, and A is the ratio of the density difference between water
and cryogen to the density of water.

With a = 92 kw/mZ,'for‘LNG:

r=21.0v 4 (v innd, 1 ins) (1-9)

, 3/8

max

8.7 V, (m) (1-10)

Using the same assumptions as those for radial spreading, Raj (1977) de-
veloped a one-dimensional boi1ing/spreading model in which the spreading dis-

tance (x) as a function of time (t) can be expressed as follows:

1/3
2 1/3
gr VvVt . 2 .t7
x=1.30 | —0 | +0.007 [—3_7 [{ga)” wt’| (1-11)
W PL AHV V0

Where w is the width of spreading channel.
The time for complete vaporization (te) and the corresponding maximum

spreading distance (xe) are given by

(VO/W)Z 1/5

t, = 1.09 (1-12)

. 3
/r~ 191
gA (Q/r‘L LL{V)
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g (v /w3
e = 19 |\ - (1-13)

BRI N 7775, 30 i I -

Muscari (1974) proposed a-numericé1 model to describe the radial spreading
and boi]fng process .for instantaneous spills of cryogens on water. He assumed
thergravity force balanced the inertia of spreading fluid and the leading edge was

"considered as an intrusion. By assuming a constant boil-off rate, Muscari

solved the conservation equations of continuity and momentum numerically and

was able to predict the thickness profile of the spreading cryogen and the path

of the spreading-front as well as the trailing-edge. The maximum pool radius

~and the time for complete vaporization for a given quantity Vo are expressed as:

- 1/4
9,2 AH 2 Vc S _
T = 0.80 —“————Z‘L——- o (1-14)
gA q o
1/8
0,2 tH 2 ga v 3
oy = 1.23 5 (1-15)
q

By accounting_for the evaporation of cryogep_during spreading, Otterman
applied the radial spread law of oi) spills, with the initial spilled volume
divided by 2 for LNG spills. Assuming a constant heat flux, Otterman obtained

. the following expressions for t and Mhax’
| | 1/4
— 7 - (I-16)

T=0.75 -
B T
- 1/8
2 .2 3
A AN P
Y NI R -

max . g2

In Table I-1, the predicted values of ¢ and rmax from these various models .

are compared with the experimental data of Boyle and Kneebore. ' Note the poor



-27-

s ‘Alajodwo)

uorjeanbLjuo) Letpey e uL s|i+dS 9NT 404

b9l G°'LL 8 €L .6 - Plel LLL ‘g¢ ajedodeay 03 auwL]

SL°§ ¥0°L 99°8 §2°'v £6°S 58 gerL w ‘dnjeaug je ua33welq L00d

mENnor X [6°8 “9ZLS |[Lag

, S ‘A1939|dwo)

8°€lL L6 9°LL L°€ 6°'6 8°8 ‘€€ ajedodes ; 0} dwL]

£y £v'S 1 89°9 gL'¢ vy GL°9 9°g W ‘dn-jesdg je usjawelq |0og

mEN-c— X 8¢y ‘oziS LLLdS

, s ‘A{8313|uWo)

91t 1’8 8°6 §°¢ 8L 0L ‘v2 93e40deA] 03 Buwl]

e 8L Y vis . 8€°¢ €e'e 9€°g 96°¢ W “dn jeaug e udjdwelq [00d
“ ‘ (Lequawiaadx]) :

uewlallg - fey LARISN| Aey - 3LNOH  ssabuang a|Aog mEN-oP X p2°2 “9zLS [lLdS

S|9pOW SNOLARA WOAS SUOLIDLPBUAJ YILM vm;nasou ejeq s,ol4og

-1 374vl



-28-

agreement for different analyses. Fay's model gives much smaller value of 1
and rma; than those predicted~by the others. -This is because in his -analysis,
Fay assumed that the energy to evaporate LNG comes ffom freezing of the wéter
and the sensible heat released as ice cools below its freezing point. He also
neglected the.surface resistance to boiling due to the initial vapor film form-
atidn-at tﬁe'LNG-watgr in;erface and.the reéultihg'lower heat transfer rate.
'The'maxfmum pool diameters.predicted on the basis of Raj and Kalelkar's ﬁodel'
~are in gobd'agreemént with Bby]e's déta. The values of 1 predicted from the
'mode1§ meﬁtioned above are much_loWer than experimental results. This is not
unexpected because all thé mode1s (except Muscari’s) assume that the circular ]
. area uniformly covered with LNG continues fo increase as long as any liquid
_cryogéﬁ-reméiﬁs; However, Boyle and Kneébone obsérvéd thét the LNG pdoTs broke
up into discontinuous areas before complete vaporization. -Using a "continuous
pool" assumption for the LNG layer therefore resuits in ‘underestimating the
time for complete vaporization beacause the cryogen-water contact area is_over-
estimated. | o

In summary, few experiments have been conducfed to examine the simultaneous
'boiling and gpreading of LNG on water. The available data do not agree well
with the thepries that have been proposed. Fbr LPG, essentially né research
had been-done to describe fhe boiling and.sprea&fng phenomena fo]lowfng a spill
‘on watef.

C. EXPERIMENTAL

‘The experimental apparatus was designed for the study of the boiling and~
spreadjng of_crydgenic 1iquids spilled on water in a one-dimensional cohfigur-
~.ation. A schematic repfesentatiOnTOf.the,apparatus.is given in Figure I-1. The
equipment consists of six major parts: (1) the liquefaction station, (2) the

cfybgén distributor, (d) a water trough, (4) the vapor sampling ététions, (5)
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“the hood connection, and (6) a safety shield.

H.The»cnyogenic,]iquids_weré prepareq in_ the ]iqggfactjon;station_by cooling
the cryogen gases bélow th;ir b6i11n§ pdintsx&ith]iéuid nifrogen. 'After a |
sufficient quantity has been prepared, as indicated by the weight change of
the gas cylinder, the cryogen liqﬁid was delivered from the liquefaction station

to the cryogen distributor by pressurizing the liquefaction station with helium

© gas.

The cryogen distributor employs a spring-loaded piston which, U§6n-re1é$sé;
will open a side port through which the cryogen can be delivered rapidly onto
the water surface without severe disruption of the water surface. A program-

- mable sequencer was used to release the distributor piston at a pre-selected
time. The distributor Qas fabricated from Lexan po1ycarbonaterresin to permit
visual observation of the.cryogen leve:. The éimensicns of the distributor
are 17.8 Cm 0.D. x ~ 60 cm in height. The maximum liguid capacity of the dis-
tributor is ~ 3 liters. Upon full downward displacement of the piston, the
effective cross-sectional flow area through the side.pcrt is ~ 48 cm2.

The simultaneous boiling and spreading experiments were conducted in é
long, narrow water trough.'.The trough consisted of Plexiglas tubing and was
half filled with water. A set of liquid-thermocoupies placed on the water sur-
face indicated the passage-of the cryogen. Vapor temperatures were monitored
by a set of vapor-thermocouples introduced through the top of the spill tube.
The thermocouple out-puts were fed directly into a NOVA-840 Real Time Computer.

The local bgilroff_rates of cryogen spreading on water were estimated in _
an indirect manner. A tracer gas,;COZ, was injected continuously and evenly
at steady stéte into the system through a gas dispersion apparatus.’ Vapor.sam---
ples were col1ected at several locations along the water trough during the ex-
perihent. A gas bhrométog}épﬁ.wasluséd'té_énaTyze-the'Vépor sampTe§. The

temperatures and compositions of vapor samples provided the necessary informa-
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tion to determine the mass boiled off as a function of time and position.

Eight sampling stations were used to collect vapor samples at specified
times during the experiment; each sampling station was able to collect six dif-
ferent samples. Figﬁre 1-2, is a transverse view of one sample station. The
sampling bulbs were initially purged and pressurized with argon gas. The op-
eration of the sample intake was controlled automatically by the sequencer.

The envolved cryogen vapor and tracer gas were dﬁcted to the hopd.

A high speed carmera was used to record the movement of the cryogen over

the water surface.

D. DATA ANALYSIS TO DETERMINE LOCAL BOIL-OFF RATES

The differential mass balances for tracer gas and hydrocarbon cryogen

~vapor can be expressed as follows:

aCT 3 (UCT)
T

5 (1-18)
‘ aC 3 (UC,.) _
HC _ HC iy g
at - - 3X + (A) M (I-]g)

vhere CT and CHC are the mo]ér concentrétions of tracer gas and cryogen vapor
respectively. U is the vapor velocity. ﬁ is the local mass boilfoff rate (moles
per unit area). w is the width of the water trough.

Vapor temperature measurements were used to calculate the molar density

(C) of the vapor with the equation of state:

_ P
C= 7RT (1-20)
where P = pressure, 1 bar
Z = compressibility factor
R = universal gas constant, 83.14 bar—cm3/mol-K
T = vapor temperature, K
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The concentrations of tracer gas (CT) and cryogen vapor (CHC) were esti-

mated by vapor sample analyses:
C, = X c : (1-21)

' ch =C - CT (1-22)

'where'xT = mole fraction of the tracer gas. .

A numer1ca1 finite difference techn1que was used to evaluate the gas velo-

c1ty (U) and local bo11-off rates (M)

(Cr)iar, 5 - (C)4, = - .(UC )1+1 - (UC)i4, o1 (1-23)
it h % "*j—i .
Cocdisn, 37 O s, 50 | W¢in, 4 (UCHC)1+1 -1
w .

i is the ith time interval and j is the jth space interval. M, i+, 3 is the
local mass boil- off rate at Jth spatial point and (i+1)th instant in time.
The algorithm began with the known velocity at j = 0 (x=0). Equation (1-23)

was used’to_so]ve for the gas velocity Ui+1 5’ which was then svbstituteduinto

equation (I-24) to yield the local boil-off rate Misj, j°
E. ONE-DIMENSIONAL BOILING/SPREADING»MODEL FOR INSTANTANEQUS SPILLS OF

CRYOGENIC LIQUIDS ON WATER

The spreading mechanics of cryogenic 1iqﬁids on water-is similar in many
respects to that of non-volatile liquids on water. The major distinction be-
- tween these two processes is the evaporative mass loss of cryogen during the
spreading.

Fay (1969) used an order-of-magnitude analysis to identify three principle

flow regimes through which a spreading oil film passes: the first is the grav-
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ity-inertia regime, the second is the gravity-viscous regime and the third is
thé surface tension-viscous regime. For cryogen spilled on water, only the
: phyﬁics of the first regime is important. .Before the second or third regime
becomes eStab]ished, most of the cryogen has evaporated.

AsSuming;the debsity of the cryogen {p) is constant ahd the cryogen is in
hydrostatic equilibrium in the vertical direction, neglecting the acceleration
across the thickness (h) of the cryogen layer, the equations'of continuity and

momentum transfer in one-dimensional configuration can be expressed as:

ah 9 m ;
al al sh _ - -
—a—t—+U§+Ag§———0 (1-25)

where x is the»spreading direction and t is time. U is the spreading velocity

and ﬁ‘is the local mass boil-off rate per unit area {it can be a function of

both x and t). é is defined as (Dwater - p)/pwater and g is the gravitational
acceleration. '
The boundary conditions are:
_ : /2
at the leading edge: Y ='[AAg-hLE] : (1-27)
at the origin of the spill: U _g =0 (1-28)

whefe'x iskexperimentally determined and equal to.1.64.

v The iniiia)-cbndition is evaluated at a time very close to the:start of
the spill when the amount of cryogen evaporated is very small so that the.gpill
.‘deEess‘éah‘be adequately déScribéd-by Hoult's®(1972a) analytical .solution for.
oil spills on water, which is expressed as:

1/3
1

4 - ~mn

- futhZ
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where

n = [gx - ?%]—]/3 | (1-30)

A numérica1 technique called "the method of characteristics" was used to
solve equations (I-25) and (I-26) and U and h as functions of x and t were de-
termfned. .

- For the case of constant boil-off rate (per unit area), the theoretical
tﬁickness profile of the spreading fluid (in dimensionless form) is shown in
Figure 1-3; the spreading front is thicker and the tail thins out towards the
spill origin. As the cryogen continues to evaporate, a trailing edge begins
. to appear at x = 0 and moves toward the spreading front. The numerical model
predicts the paths of the leading-edge and trailing-edge, as shown 5n Figure
7144. The intersection of these two paths determines the time for comp}ete vapor-

jzation and the maximuﬁ spreading distance. _ 7 . '

As a cnyogenic liquid spills cn an unconfined water surface, boiling and
spreading occur simuTténeousiy. The bubbles of the evaporated cryogen rising
through the liquid feduce the effective density of Tiquid,cryogen.layer. The
reduction in density can be estimated using the dverage bubble rising velocity
(Uév) and volumetric flux (V):

= M- (3

Peffective
av

‘The bubble rising velocity is a function of the bubble size. For nitrogen
and méthane,rthe}average bubble rising velpcityfwas estimated to be 24 cm/sec.

In the case of propane, Uav was estimated to be 26 cm/sec.

F. EXPERIMENTAL RESULTS

Spills of n-pentane were made and the spreading front was recorded as a
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function of iime. Similarly, spills were carried out with liquid nitrogen and
methane. Pure 1iquid propane, binary mixtures of ethane-propane and propane-n-
butane, and ternary mixtures of ethane-propane-g-botane viere spi11ed on water
and the spreading rates and local boil-off rates were measured.

. Pentane Spills

”Severel pentane spili experiments were conducted to determine the value of
') in.the leading-edge boundary condition (equat1on(1 27» F1oure I- 5 presents
the experlmenta] results for pentane sp1lls of var1ous vo]umes The value of n
| ~in equat1on (1-29) was found to be 1. 72 A was then obtained from equation (I-
30) and equalled 1.64. | o

Nitrogen and Methane Spills

The epreading curves for liquid nitrogen and methane as functions of time
-are ehown in Figure I-6. Duning fhe spreading of nitrogen or methane, the
cryogen is thicker near the leading edge and becomes thinner in the tail. This
general shape persiets.unfi1‘elmoef the end of the spreading process'when most
of the cryogen has evaporated. A layer of ice forms on the water surface down-
stream of the cryogen distributor dur1ng the experiment. In the vicinity of
the cryogen dlstr1butor, no ice formatlon was observed.

Propane Spills

Propane boils very rapidly from its initial contact with water. Highly -

, irnegular ioe forms quickly (- 1 s). The boiling rate then drops to consider-
ably lower values. This can be seen in Figures I-7 and I-8, where triangles re-
~ present data from a pure pfopane spill. The spreeding distance as a function of
fime is shown in Figure 1—9' the diecontinuity is due to. an"ice dam"™ formation,
whlch h1nders the spreadlng of cryogen For the same vo]ume spl]led the maxi-
mum spreadxng d1stance for propane is much sma]]er than for n1trogen or methane.

LPG Spills

The spreading data of ethane-propane, propane-n- butane, and ethane-propane-
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n-butane mixtures are also presented in Figure I-9. 1In Figures 1-7 and I-8, the
boj]-off rates for the mixtures are similar to the case of pure propane, the
initial boil-off rate being very high and then decreasing very rapidly. The

ice forms very quickly and is rough and irregular.

G. DISCUSSION

~ Nitrogen and:Methane Spills

‘Eln Figure I-10, the experimental spreading data for 1iquid nitrogen and meth-
ane spii]# are compared to the values predicted by the numerical model described -
earlier. The boil-off rates of nitrogen and methane are assumed constant and
selected to be 40 and 92 kW/m2 respectively. The efféctive densities of nitro-
gén_and methane are then calculated using equation {I-31) and equal to'0.66 aﬁd -
- 0.254 g/cm3 respectively (the normal densities of 1iquid nitrogen and methane

at their boiling points, 77K and 111K, are 0.8 and 0.425 g/cm3). These effec-
tive densities are used in the numerical analysis. Good agreement is obtained
between the experiméntal data and the predicted values. Fof nitrogen and meth-
ane spfeading on water, the leading-edge is thicker than the tail. This is
consfstenf with theoretical predictions (see Figure 1-3). The model also pre-
dicté the trailing edge where the cryogen has completely evéporated and the

water surface is cryogen free. The trailing edge starts at the distributor

and moves towards spreading front. The intersection of the leading edge and
trailing edge détermjnes the maximum spreading distance and the time for com-
piete vapo}ization. The numefica] model gives reasonable predictions of the -.
maximum sﬁreading distance for nitrogen and methané spi11s, as shown in Table "'“
The close agreement between the experimental data.and the predf&téd vaiues,r

using an assumed constant heat flux for nitrogen or methane, proves the validity

of the assumption; It is concluded that the numerical model successfully de-
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scribes the boiling and spreading phenomena for nitrogen and methane spills on
water (at least for this size spill).

Propane and LPG Spills

For propane or LPG spills on water, violent and rapid boiling occurs im-
mediately dpon contact. The water surface near the distributor opening is se-
verely agitated. It is very difficult to define the true area of contact be-
tween cryogen and water at this point. Rough ice forms on the water surface
~ very quickly (- ]'s)._ From this point, heat transfer is controlled by the con-
duction through the ice and water; the bbf]ing rate decreases further with time
as the ice layer grows thicker. The Tocal boiling behavior can then be reason-
ably well described by a moving boundary heat transfer model (Eckert and Drake
(1975)). This model leads td the conclusion that the local heat flux is in-

versely proportional to the square root of the corrected time, tc :
, o e

- -1/2

0; = et "% =154 ¢ T2 (i’ (1-32)
i i ’
where tc is defined as :
i

e is a function of the physical properties of ice and is evaluated at an aver-
age temperature between the freezing point of water and the boiling point of
LPG. té.represents the time associated with the initial i11-defined boiling
phase before the formation of an ice layer; The Qalue of-t6 has been chosen
edua) to one second but numerical tests haye shown that variations in t6 (0.5 -
1.5 sec) do not affect the predicted results. t];'is' the time ellapsed after the ini-
tial contact of water with cryogen at a position X5 where the heat flux is Qi’

Predictions from equation (I-32) are compared with experimental data in
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Figures-I-11 and I-12. Theory and experiment agree reasonably well for the first
sampling station. The values of the heat flux obtained from the second station
are Be]ow the predicted values. The eXp]anation for this is that propane or
LPG initially evaporates very fast and there is not enough cryogen to cover
evenly the entire surface area between the first and second sampling stations
(Q estimated by the data aha]ysis scheme is the average heat flux between the
sampling stations).

Figures I-11 and I1-12 also show that the addition of small amounts of
ethane and (or) n-butane to propane has no effect on its boiling rates. This
js the same as the conclusion obtained from LPG spills on confined water sur-
faces.

The numerical model mentioned earlier can also be used to simulate the
boiling-spreading process for LPG, assuming a bofling rate that changes with

time according to the following equation:

(1-33)

s -1/2
Q. = ¢ (ti -to)

; ti >1.0s

where Qi is in kN/mz and

. Equation (I-33)attempts to account for the high evaporation rate €0? ob-
served in“the first second of contact betweer water and cryogén; the-va]ue-of-sof
is selected to be 103 kw/m2 which is about the same as the average value of the
heat fluxes obtained from various propane and LPG spills at the first second

after LPG contacts the water surface.
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The effective density of LPG is set equal td 0.3 g/cm3, using an averége
evaporation rate (per unit area) for the first 13 seconds after LPG contacts
water and an average bubble rising velocity, 26 cm/s. |

The predicted spreading curve as a function of time is compared to_the ex-
perimental data in Figure I-13. The model. does not accurately predict the
'Sﬁreading front position. The highly irregular ice formed in LPG spills is very
dffficu]t to characterize, and its effecf on hindering the Spreadfng of cryo-
gen cannot be adequately accounted fbr in the theory. Figure I-13 also shows
that the composition of LPG has little effect on its spreading process. There-'
:foré, it is concluded that the boiling-spreading process for LPG spills is in;
dependent of its composition. o | | | |

The predicted values of the maximum spreading distance and the éxperiment- )
.a1 data are given in Table I-3. Close agreément is observed.

In Table I-4;.maximum spreading distances for methane and propane spills
are'compafed; methane spreads over a much larger area than propane (LPG) for

the same volume spf1led.

H. CONCLUSIONS

| 1. An apparatus was.designed and constructed to monitor the spreading of
a boiling liquid on water. The apparatus a]fows measurement of vapor tempera-
tures and compositions. These data can be used to infer liquid vaporization
rates. |

2. For liquid nitrogen and methane spills, film boiling occurs initially

uﬁon contact with water. Ice forms on the water surface during the spreading.
| Before an ice layer appears, most of the cryogen was evaporated. Because there
is 1itt1é'ice-grdwth15ef6ré most of fﬁe'quuidlhftrdgeﬁ or méthane ‘has evapor-
ated, their boiling rates were found to be nearly constant. This conclusion

would not be valid for a large spill.
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3. Liquid nitrogen and methane exhibit similar thickness profiles during
spreéding, that is, the spreading front is thickest and the profile thins out
toward the spill origin. |

4. The bubbles of evaporated cryogen entrained in the 1liquid affect the |
spreading of cryogen on water. The bubbles alter the effective denﬁity of the
cryOQen layer and this effect has been accounted for in the model development.

5. A numerical technique using the method of characteristics has been de=
Veloped that successfully describes the boiling-spreading phenomena for liquid
n1trogen and methane sp1]1s on water Thé model provides information of the
| maximum spreading distance and the time for comp]ete vapor1zat1on for varlous '
quant1t1es spilled.

6. For liquid propane or LPG spills, nhc?eate boiling occurs upon initial
contact with water. Highly irregular ice forms very quickly and the local
boil;off rates monofonica]1y decrease with time. A moving boundary heat trans-
'fer model can adequately describe the boiling phenomena. This is consistent
with earlier observations made for propane or LPG spilled on confined water sur-
faces. |

7. For LPG mixture spills, fractionation‘occurs with the more volatile
éomponents vaporizing preferentially.

8. Addition of small quantities of ethane or n-butane to propane has
"11tt1e effect on the boiling process. This was also the case in confined pro-
pane and LPG spills.

9. Propane or LPG does not spread in a manner similar to liquid nitrogen
or methane. The formation of a rough ice Iayer:hinders the spreéding of pro-
pane and 'LPG and the spreading was found to be linear with respect to time.

10. The composition of LPG has essentially no effect on the spreading

phenomena. Pure propane will simulate actual LPG behavior. The_same conclusion
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- was obtained.in confined LPG spill experiments.

11. Irregular ice formations in LPG spills are difficult to characterize
and their effect on hindering the spreading of LPG cannot be adequately accounted
for in the theory. The numerical model does not adequately describe the boiling-
spreading phenomena for LPG spills.

12. In an industrial accident, it is expected that LNG will spread over
a much larger area than LPG for the same volume spills. In this case, the
formation of an ice layer beneath the cryogen may lead to much lower evapora-
tion rétes.

12. The high-speed motion picture photographic study improved the under-
standing of cryogen movements, ice fbnnation and bubble growth in the boiling/
spreading process.

The work described in this thesis provides a first step towards estimating

the extent of hazardous spills from an LNG or LPG tanker accident.
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I1. INTRODUCTION

A. THESIS OBJECTIVES

Liquefied petroleum gas (LPG) is often transported as bulk cargoes in
1atge insulated tankers. The safety record for ships carrying LPG is generally
excellent. However, there would be a serious risk from any accidental spill.
This is because LPG boils well below ambient water tempefatures and will form
a combustib]é (and, possibly, an explosive) cloud that is dense and not readily
dispersed. The capacity of many of the éxfsting tankers is very large and, in
the event of a serious tanker accident, very large vapor clouds could be
found.

Normally LPG consists largely of propane with some ethane and butane.
When in contact with water, LPG vaporizes fapid]y. A serious accident could
occur if the cloud cdntacts an ignition source before dispersing. Evaluating
the potential hazards from accidents in the marine transportation requires re-
liable data of boil-off rates and spreading rates for LPG on water.

Previous work dealt with LPG spills on water surfaces of limited area. The
results of these studies have been summarized by Reid and Smith (1978). Their
key conclusion was that LPG boiled in the nucleate boiling regime upon con-
tacting water with very rapid ice formation. Heat transfer rates were then
limited by conduction across the growing ice shield. Before the formation of
ice, the method of spilling the LPG strongly influenced the .boiling rate.

However, these conclusions are limited because rarely would one expect
a spill of LPG to occur in the confined area. The more usual case would in-
volve simu]taneou§ boiling and spreading. No experiments had been reported
which determined such rates for LPG spills. It was not known whether the heat

fluxes measured in the confined area experiments were applicable to unconfined
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spills. Current ana]yses'of the boiling/spreading process for any volatile
cryogen are almost completely theoretical and assume that the boiling rate

‘pen unit area is independent of time. MNo experimente had been reported to
refute or'substantiate this assumption. | It was the objeciive of fhe present
work to measure exper1menta]1y the S1mu1taneous bo111ng and spread1ng rates for
LPG sp111ed onto a water surface Furthermore a mathemat1ca1 node] was to

be developed to descrlbe the bo111ng/spread1ng phenomena of LNG and LPG spi]led

. on water. F1na11y, a better understandlng of the fundamentals and mechanism

of LPG spilled on water was also an_1mpqrtant objective of this thesis.

B. RELEVANT PREVIOQUS WORK

The transient boiling of a volatile liquid on the surface of a hotter
-immiscible liquid has received relatively little attention compared to the more
.commoh phenomenon of‘bei1in§ on a heated solid surface. The former is less
- readily chafécterized in a quantitative manner as the hot surface is.mObi]e and
capab]e of internal heat transfer not cnly by conduction but by convection as
well. Ferthermore,.if the volatile 1iquid boils at a temperature below the
freezing point of the hot liquid, it is possible for a solid phase to form at
the interface and extend into the hot 1iquid. Finally, any spill of a cryo-
genic 1iquid on water will lead to a hfgh]y transient situation where rapid
‘ variations in the heat flux are posSible.

Regimes of 80111ng

Heat transfer to boxllng liquids is a convect1on process1nvo]v1ng a change
fn phase .from 11qu1d to gas. The phencmena of boiling heat transfer are con-
siderably more complex than those of convection without phase change. There
are various distinct regimes of boi]ing in which the heat-transfer mechanisms

differ radically.
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To illustrate the different boiling regimes, consider a simple system
consisting of an electrically heated horizontal wire submerged in a pool of
1iq&id at saturation temperéture. Figure II-1 shows the characteristic var-
jation of heat flux with temperature difference (Rohsenow and Choi, 1961).

As the heating surface temperature is raised above the_saturatidn.température,
convection currents circulate the slight1y superheéted 1iquid and evaporation ‘
takes place at the free liquid surface. The heat transfer mechanism in this .
process is single-phase natural convection; only 1iquid is in contact with the -
heating ﬁurfacé.

As the temperature of the heating surface is further increased, a point
A is reached Where vapor bubbles form on the'heating surface at a number of
huc]eatioh sites or cavities. At first the vapor bubbles are small and con-
dense before feaching the free liquid surface. As the temperature is raised
further, larger -and .more numerous bubbles are formed and sucteed_in risjﬁg to
'the free liqud surface. This is called nucleate boiling. In this regime,
bubbles transport the-latent heat of the phase:§h§n9e4andra1so agftate ;he
- Tiquid near the heating surface. Moreover, as the bubbles become detached
from the heating surface, they drag a mass of superheatgd liquid from the layer
adjacent to the heating surface into the core of the stream. This produces |
an infensive macroscopic transport of heat from the heating surface into the
bulk of the boiling liquid. As a result, the nucleate boiling regime‘is
characterized by high heat transfer rates for small temperature differences.

The heat flux in nucleate boiling regime cannot be increased indefinitely
as the tehperature difference increases fgrther. tthen the'heating surface
femperature is raised to é point whefe the heat flux reaches a maximum (poiét_
B), the bubble concentration becomes very high and vapor forms an unstable film

covering the heating surface. Under the action of circulation currents, this
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vapor film collapses and reforms rapidly. Beyond the peak of the curve is the
transition boiling reg1me The presence of the vapor film over the hot surface
prov1des additional resistance to heat transfer and reduces the heat transfer
rate.

Increasing the heating surface temperature past point C leads to a stable
vaporfi]h on thg’heating surface. This is called the stable film boiling re-

gime. Heat is transferred through thé vabor film to-the 1iquid. Large bubbfes'
| originate at the outer upper surface of the vapor film and conseqﬁehtly any
nucleation sites on the heating surface are fneffective. The low therﬁa] con-
ductiQity of the vapof fi]h produces the low heat transfer rafe observed in tﬁe
film boiling regime.

Further increases in the temperature of the heéting surface results in
.corresponding1y higher heat transfer rates because of thermal radiation. The
lowest temperature capable of maintaining a stable vapor film is called the
~ Leidenfrost point.

Effect of Surface Roughness on Boiling Heat Transfer

Invest1gat1ons of the effect of surface roughness on the bo111ng charac-
teristics (by Corty and Foust (1955) and Berenson (1962)) show that not only
the pos1t1ons of the nucleate boiling curves but also their slopes vary with
roughness. Figure II-2 shows thqt the_nucleate boiling regime is expanded and
the transition boiling regime compressed for very smooth heating surfaces.
This 1is because for a smooth surface,>there'is aisma11errnumber of nucleation
sites (or cavities) on which the vapor bubbles can form. Therefore, the temp-
erature differeﬁce required to produéé a given heat.f7ux is increaséd. Berehson
pointed out that the film boiling regime and the Leidenfrdsf température
are, however, not greatly affected provided that the roughness height is less
than the film thickness. This can be explained by noting that in the film

boiling regime, the heat is transferred by conduction through a vapor film,
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which covers the‘héating surface. The bubbles orig%nate on the upper surface
of the vapor film and the 3urféce,characteristics do nof have influence on the
heat transfer process. Berenson also emphasized that the significant rough-
~ness parameter with regard to nucleate boiling was the nﬁmber of cavities of
appropriate size, not any general indicator of surface gquality such as the

: rdof?mean—équarei(r.m.s.) roughness. It was also noted that surface material

*do affect nucleate boiling.

Bpilinq of Cryogenic Liquids on Solid Surfaces

Tﬁe'heat transfer to boiling cryogenic liquids has applications in the

- cooling of nuclear reactors, rocket engines and in many industria1 processes.
These appli;ations motivated the study of the heat transfer properties of cryo-
genic fluid. The discussion here will be restrictéd to Tiquid nitrogen and
Tight hydrocarbon liquids;

| Park and his co-workers (1966) studied the nucleate and film boiling of
nitrogen and methane at elevated pressures. The experiments were conducted on a
horizontal gold-plated cylinder under steady state conditions. The nitrogen
boiling data of Park et al. at atmbspheric pressure are'compéfed with those re¥
ported by Kosky and Lyon (1968), Bewilogua et al. (1975) and Ackermann et al.
(1976) in Figure II-3. Kosky and Lyon'; experiments were performed on a flat,
horizontal, platinum-plated surface. Bewi]oéua et al. used a horizﬁntal copper
disk as the heatin§ surface. Ackermann et al. carried out their experiments on
a horizontal cylinder of an unidentified material.

"It can be inferred from Figure II-3 that the geometry and the material of
the heating surface affect the nucleate boiling heat fluxes for nitrogeﬁ. How-
ever, the maximum heat flux pf nitrogen'at atmospheric pressure is about the
| same (between 140 and 220 kW/mz) in all the investigations gréuped }n Figure II--
3. Only two groups of investigators, Park et al. and Ackermann et 51., covered

the film boiling regime and both used a horizontal cylindrical configuration.
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The film-boiling data are consistent and the'Leidenfrost heat flux for nitrogen
at atmospheric pressure is between 16 and 23 kW/m? corresponding to a AT of ~47K.
.Kosky and Lyon also studied the boiling of methane on the same platinum-

~plated surface used for the boiling of nitrogen. Moreover, Sciance et al.-
(1967a) investigated the pool boiling of methane on a gold-plated horizontal
cylinder and Ackermann et al. (1976) used a horizontal cylinder as the heating
surface.' Figure II-4 shows their data at atmospheric pressure. -Significant
"scattering among the results of different investigators is observed. As seen
.in this figure, the maximum nucleate boiling heat flux for methane is between
215 and 265k‘f."/m2 corresponding to a AT between 16 and 20K. The Leidenfrost temp-
erature is about 70K. | |

7 Science et al. (1967b) studied the nucleate boi]fng of ethane, propane aﬁd
g;butane on a horizontal gold-plated cylinder. Wright and Colver {1971) studied
ethané—etﬁy]ene systeﬁs on the same heating element used by Sciance et al..
‘Sliepcevich et al. (1968) presented the film boiling data of ethane. The
corresponding boi]ing'curves for ethane at atmospheric pressure are shown ‘in
Figure II-5. The nhcleate—boi]ing data are consistent and the maxiﬁum nucleate
boiling heat flux is approximately 220 kN/mz, corresponding to a AT between 20
and 28k.' )

Brown (1967) investigated the nucleate and film boiling of liquefied
natural gas (LNG) and liquefied petroleum gas (LPG) at various pressures on
the same heating e]ement used by Sciance et al.. In Figure II-6, the LNG data
arelcompared to those reported by Sciance et al. for pure methane at‘atmospheric
pressure. LNG exhibits higher nucleate fluxes than methane at the.same AT while
there is little difference in the film boiling curves for the two. These results"
imply that nucleate boiling behavior is strongly concentration dependent. |
Brown also obtained the maximum nucleate heat fluxes for LNG and LPG. The

peak nucleate heat flux of LNG was more than twice the value for methane, and
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maximum heat flux for LPG was only slightly higher than that of pure propane.
Similar resalts were obtained where LNG and LPG boiled on water instead of a
so]td surface (see Drake et al. (1975); Reid and Smith (1978)).

" The study of LNG boiling on typical dike floor materials was conducted by
Reid and Wang (1978). Experiments were performed using Styrofoam boxes filled
- with various test substrates such as concretes, soil, sand, polyurethane, and
corrugated aluminum. The test box with the substrate in place was set upon a
load cell and the weight of the system was recorded. For all the reeu]ts ex-
cept those obtained from corrugated aluminum, the boiling rates could be cor-
related with a one-dimensional heat transfer model which contains a‘single
characterizing parameter for the substrate. Accofding to this model, the con-
tro1]1ng step in heat transfer is the conductxon in the substrate and the theony
predicts that the mass of LNG boiled off is proport10131 to square root of time.
F1gure 11-7 shows the good agreement between theory and experiments fbr LNG
boiled on insulated concretes. The boiling rate data of LNG on corrugated
aluminum over soil were found to be lower than the others.

Boiling of Cryogenic Liquids on Water

The current increase in marine transportation of cryogens motivated the
study of cryogenic liquids boiling on water so as to assess the safety of such
transportation. To date, only a few studies have been made.

Burgess et al. (]970, 1972) conducted several preliminary tests where 1i-
quid nitrogen, methahe and -LNG wefe.boiling-on.a water sarface, Spii]s were _'
made in both the confined and unconfined modes.

Confined spills were carried out-in an aquarium placed on a toad cell, and
the continuous mass change was recorded during vaporization. It was found that
for the first 20-40 seconds, the boiling rate of LNG was relatively constant

with a rather high average value of 0.18 kg/mz—s. The corresponding heat flux
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calculated based on the heat of vaporization of pure methane was 92 kW/mz. This
rate decreased after an ice layer formed on the water surface. LNG was also
.obsefved to foam on water. |

The aquarium was later replaced by a polystyrene ice chest (1972)." LNG
spills usfng this chest yielded a heat flux of about 77 kw/mz. ‘No explanation
was given for the difference between this value and the value of 92 kw/m2 ob-
tained in 1970.

- Similar confined spills using pure 1iquid methane showed that the boiling
rate increased with time and with the quéntfty‘spi11ed. For LNG the vaporiia-
tion rate was independent of the amount spilled.

Confined spills of liquid nitrogen revealeda heat flux of 32 kw/mz, much
Tower than that fof LNG. Although ice was also formed in the nitrogen spills,
its formation was slower than for LNG. No foaming was observed in the nitro-
gen spills.

Liquid nitrogen boiling on water yielded results (-32 kw/mz) close to- those
reported for boiling on solids (-25 kU/m by Merte and Clark (1964)). However,
LNG and methane exper1ments gave boiling heat f]uxes (-80 kW/m ) which were much
larger than the corresponding values for boiling on solids (-37 kw/m by Sciance
et al. (1967)). Explaining this large difference involved postulating a chemical
interaction between the hydrocarbon and water and that hydrate formation was
taking place. An aluminum sheet was placed on the top of the water thus elimi-
‘nating the possibility of any direct water-cryogen interaction. The heat flux
.0f LNG decreased. from 77 to 36 kW/m?. For liquid methane it decreased from 82
to 25 kW/mz. Finally, for liquid hitrogen, the heat flux decreased from 32 to
26 KW/m?

Hydrate formation could have been inhibited by the aluminum sheet if the
hydrate indeed forms when hydrocarbons are spilled on water. However, Burgess

et al. measured the rates of formation of methane hydrate and concluded that
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the hydration rate was too low to account for the large difference in heat
fluxes of methane boiling on water and on an aluminum sheet.

| For LNG or methane spii1son ﬁater, film and'ﬁerhaps'transftion boiiing
first occur due to the large initial temperature difference. As patches of

ice form and cool, nucleate boi]ihg becomes the‘]ike]y heat transfer mechanism..
For 1f§ufd nifrogéh, heat transfer occurs by film boiling. As Berenson (1962)
observed, the micréstructure of the surface is not important for film boiling
but it has a strong effect on nucleate or transition boiling. This explains
why the boiling rate of nitrogen with an aluminum sheet placed on the water
surface was not greatly different than that from spilling directly. The
slightly larger value of 32kH/m2 for liquid nitrogen on water is probably due
to the agitation of water and its mixing with nitrogen.

Boy]e.and Kneebone (1973) carried out a few tests where_LNG’was spilled

2 and 0.82 m® in area, placed on a

on sea water cdnta%ned in basins of 0.37 m
load ce]i. The boil-off rates were observed to increase with time until reaching
a maximuﬁ at the point of "pool break-up“."Ai this point'the'amOUnt of LNG was
no longer sufficieht to cover completely the water surface. The thickness of
LNG layer at pool break-up point was found to be about 1.8 mm.

The explanation regarding Boyle and Keenbone's observation that the boi]ing
rate of LNG on water increased with time involved the change of heat transfer
mechanism from film boiling to nucleate boiling. This occurred as the water
surface became progressively covered with ice and the fraction of heavy hydro-~
carbons increased. - |

Boyle and Kneebone also noted that an increase in the initial quantity of
LNG spilled (pef unit area) is reflected by an increase in fhe boil-off rate.
Decreasing the initfa] ﬁater temperature inéreased thé eVaporation rate signif-
icantly. The boiling rate was strongly dependent upon the chemical composition

of LNG. However, the work repbrted by Boyleand Kneebone is of a preliminary
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nature.- Their results are of limited significance because the quantity spilled
was often insufficient to cover the water surface with a continuous film.

‘Drake et al. (1975) investigated the transient boiling of liquid nitro-
gen, methane, ethane and LNG on water. A well-insulated triple-wall container
was used in the expefiments. It was placed on a load cell to measure contin- -
uously the mass.of the system..The water temperature and vapor temberature
were recorded during the‘experiments by thermocoup]es. The initiai'water temp-
erature was varied from 6 to 60°C and the quantity spilled ranged'from about 2
to over ]0-kg/m2. | | | |

Table II-1 présents the experimental results by Drake et al.. It was ob-
served that water temperatures a few mm belowthe interface éhanged little in
" all tests, but ice formed rapidly. The initial water temperature had little
“effect on the bail-off rates for all cases. For Viquid nitrogen, the boiling
rate was very sensitive to the initial quantity spilled. Nitrogen vapors were
quité superheated. For large spills, the degree of superheat was 40-50°C but
for small spills, it increased to $0-100°C. |

Liquid methane and 1iquid ethane did not show sensitivity of the boiling
rate td the initial mass spilled. Some superheat wvas noted in the vapor for
methane spills but this decreased appreciably with the larger spill tests. In
case of ethéne, essentially no superheat was noted in the vapor. The vapor
superheat information implies that liquid nitrogen and methane initially film
»boil on water whereas lfquid ethane'nUCIeate boils. -TﬁfQ is furfher"suﬁpéffed
by the more rapid ice formation observed for ethane spills.

The boiiing rates of nitrogen were lower than those observed for methane
‘which in turn were lower than those for -ethane. :The boil-off rate of methane .-
increased continuously with time. For ethane, initially the evaporation rate

jncreased until a coherent ice crust formed and then the heat flux decreased

significantly.
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Addition of small amounts of heavier hydrocarbdns increased the boiling
rate of methane significantly, as shown in Figure II-8.

Two ranges of LNG composition were studies. For both.ranges the boiling
rates of LNG increased with time and significant foaming occurred. Figure II-9
indicates that increasing the fraction of heavy hydrocarbons has the same effect
of enhancing the vaporization rate of LNG.

Dincer et a]; (]977) investigated the éffect of the initial watér temper—-

ature on the boiling rate of liquid nitrogen and methane. The experimental
apparatus was the same used by Drake et al: except for minor modifications.

The boil-off rates for liquid nitrogen and methane agreed well with those
-reported by Drake et al.. The initial water temperature_had no effect on the
vaporization rates in either case. However, there was a significant.difference
in the pattern of water temperatures depending upon the initial water tempera-
ture. o

- In experiments where the initial water temperature was below 20°C, co-
herent ice formed almost immediately on the surface and the water temperature
beneath this ice sheet changed 1little during the test. When the initial water
temperature exceeded 25°C, the surface ice still fbrhed but quite slowly. The
water temperature in all locations decreased uniformly, although the largest
decrease‘always occUrred in the_immediate Qinéinity 6f the interface.

From their experiments, Dincer et al. concluded that at low initial water
-.. temperatures, heat transfer.to the cryogen occurred through a growing.iée shield .

| with little effect on the underlying water. On the other hand, if the water
was initially warm, ice formed more slowly and cool surface water convectively
descended and mixed thoroughly with the bulk water phase.

Reid and Smith (1978) conducted spills of liquid propane, ethane, n-butane
and LPG on water in an adiabatic calorimeter. The boiling rate was measured as

a function of time. For a rapid spill of propane or LPG on water, the cryo-
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gen boiled violently and rapidly for a very-short period following the spill.
The water surface was severe]y agitated and ice formed almost instantaneously -
on the surface. Within a few seconds, the water surface was covered by a rough
ice sheet. From this time on, heat transfer became controlled by conduction

. through. the ice and the boiling rate decreased as the ice grew thicker. The
boiling at this stage could be described by a moving-boundary heat-transfer
model. According to this model, the boil-off rate was invérse]y proportional
to the square root of corrected time (t - t*), where t* is a time of the order
of 2-4 séconds, assoéiated with the initial, ill-defined boiling phase before
ice formation. A detailed deséription of this model is give in-Appéndix;I.; |
The translation of heat flux into mass boiied off yielded a linar relationship

1/2

between the mass boiled off and {t - t*) /. Figure 1I-10 shows the agreement

between theory and experiment. |
For a S]oﬁ (aboht 5 seconds duration) and smooth spill of propane or LPG
on water, the initial violence is ébsent with little impacting force. The
boiling behavior can be described by the moving boundary model with the value
of 1* equa1 to zero. A reasonable agreement_between mode] and experimeht is
noted in ngure II-11.
Reid and Smith Showed that the addition of small amounts of ethane or n-
butane to proﬁane had no observable effect on the boiling rate of propane.
This result contrasts with that observed for LNG which showed strong composi-
tiohldependence,'- | L
Opschoor (1977) modelled the evaporation of LNG on water in both confined |
and uncbnfined modes. By assuming that the energy to vaporize the LNG came
from freezing water and cooling the ice below the freezing temperature, Opsthoor

obtained the following equation for the evaporation rate of LNG spilled on a

confined ice surface:
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(REID AND S™ITH, 1978).
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_8—]-
/A= 0.517 t Y2 (kg/mPs) (11-1)

" Opschoor indicated that an ice layer formed on the water surface about 20 se-
conds after the start of the spill. Equation (II-1) applies only for tﬁe per-
jod after ice has formed. To arrive at a method for calculating the, eVapora-
tion rate for the entire boiling process, Opschoor examined the data reported
by Boy]e and Kneebone (1973) and proposed the following equation for est1mat1ng

the b0111ng rate for the 1n1t1a] per1od before ice formation:
W/ A=0.008t (kg/m’s) 0 <t <25sec  (II-2)

The values of the coefficients in these two equations were determined by the
best least-squared-error fit for two sets of experimental data; they have no
theoretical'justification. Although Opschoor recognized that film boiling
occurred initia]ly_and that the LNG saturation temperature would increase as
methane evaporates preferentially, he was unaﬁ]é to incorporate these effects
in hlS model. |

Valencia and Reid (1979) studied the compositional effect on the bo1]1ng
rates of LNG spilled on a confined water surface. The experiments were conduc-
ted inan adiabatic calorimeter placed on a load cell. Similar to the.résults
obtained by Drake et alf'(]975), Valencia and Reid observed that increasing the
concentration of heavier hydrocarbons resulted in higher>boiling rateé for LNG.
The evaporation rate of LNG varied with its composition, water temperature, as
well as with the condition of the water surface. The authors proposed a quali-
tative theory to explain the effect of hydrocarbon composition on the boiling
rates of LNG spilled on water.

LNG film boils immediately after contacting water and vapor bubbles. begin
to form. The bubbles consist almost entirely of methane due to the large dif-

ference in the volatility of methane compared to ethane or propane. The re-
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maining hydrocarbon 1iquid therfore becomes enriched with the less volatile com-

. Ponents. At the Tower portion of the bubble, the concentrations of ethane and

propane increase with a concomitant decrease in pressure. Liquid flow occurs

and the vapor film collapses near the base and the buoyant bubbles carries the

methane-depleted 1iquid in its wake while fresh LNG replaces it at the hot sur-

~ face. The cyc1e is then repeated. Therefore the heat transfer rates ihcrease
near the 1nterface, small bubbles are produced and ice forms more rapidly.

. With ice; the surface temperature drops and eventually nucleate boiling results.

‘Because 6f the increasing thermal resistance from the growing ice shield, boiling
rates eventualTy'decrease. This theory offers a plausible mechanism to explain
the significant increase in the_initial vaporization raté of LNG as the concen-

- tration of the heavy hydrocafbons increases.

Valencia and Reid emﬁ]oyed these qualitative concepts coupled with a vapor-

- 1iquid equilibrium theory, which tracks the changes.in LNG composition and temp-

-erature ‘to deVelop a quantitative model to predict the .boil-off fates for LNG
spilled on water. Good égreement was obtained betweén'theory and experiment
with the use of a single adjustable parameter that is felated to thé initial

LNG composition. | ' | | |

| ~ A summary of the inforhation on the boiling of methane and LNG on watef is given
- fn-Tab]eerI—Z and II-3. In the case of methane, the boiling rate iﬁcreases with

- -;ime and is independent of the initial water temperature. Drake and Va1en§ia |

calimed that the initial quantity of methane spilled did not affect the evépor-

ation rate whereas Burgess reported an increase in heat flux with the amount

spilled. No‘foaming has been observed by either group. Drake and Valencia

noted that the evaporated methane was superheated, but the degree of superheat

decreased as the quantity of liquid methane spilled increased.

The disagreement becomes more apparent when LNG mixtures are considered.
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TABLE II-2

BOILING OF LIQUID METHANE ON WATER

Investigator Burgess Prake Valencia
qa High 82 90 120
(Kw/m®) Low 51 40 25
Effect on Q due
to an increase in:
Water Temperature -- same same
Cryogen Mass upn same same
Time up up down, up after collapse
of vapor film
Foaming? -- no no

Vapor Superheat?

0-10 K(>5.0ka/m2)
10-30 K({<5.0kg/m")

0-5 K(>5.0kg/m5)
10-20K(<5.0kg/m")
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TABLE II-3

BOILING OF LNG ON WATER

Investigator Burgess Boyle Drake Valencia
Q ,. High 153 100 120 150 190
(Kw/m®) Low (92) (77) 50 50 25
(Ave)
£ C] 94.5 92.0 94.7 98.2 89.4 82.9 84.9
;3 C2 - 3.4 6.3 4.5 1.6 8.2 10.1-10.1
£3 ¢ 0.9 0.1 0.1 0.11 2.0 7.0 5.0
o 3
& ¢ 0.2 0.07 0.4
o 4 ]
other 1.2 1.6 0.5
Effect on Q due
to an increase in:
Water Temperature ---=--- down same = —----
Cryogen Mass same up up up
Time same down up, down up up, down
after ice after pool after ice
formation - break up formation
Foaming? yes -—-- yes yes
Vapor Superheat? -—— eeee- 5-10 K no
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Boyle showea that the boil-off rate of-LNG decreased with the initial water
temperature, while Drake reported no change. The vaporization rate was sensi-
tive'to the quantity spilled and increases with time; Burgess is the only
investigator that disagreed with this statement. A maximum has been observed
for the boiling rate's variatibn with time. Boyle believed it to occur at the

time of LNG pool break-up, Burgess and Valencia thought the maximum occurred

. after ice formation, and Drake observed 'no maximum. Evaporation of LNG is a

complicated phenomenon in which composition plays an important role. The re-
ported heat fluxes range from 25 to 190 kw/mz.

Spreading of Non-Volatile Liquids on Water

Few studies of oil spreading on water have been conducted with the goal of
providing information to evaluate the effects of marine oil transpoftation
accidents.

Fay (1969, 1971) identified four basic forces that either cause or retard
spreading in thé physical‘procesé of 0il moving over anﬁndisturbed water sur-
face. The force of g}avity acts downward and causes a sidewfsé spreading mo-
tion of a floating 0il1 film by creating an unbalanced pressure distribution in
the pob] of 0il and the surrounding water. Thfs force fs proportional to the
0il layer thickness and its gradient as well as the density différence between
0oil and water. As the oil film spreads and becomes thinnér, the gravity force
diminishes. At the front edge of the expanding oil slick an imbalance exists
between the surface tension at the water-air interface and the sum of surface
tensions at the oil-air and oil-water interfaces. The net difference is a
force which acts at the edge of the oil film, pulling it outwards. This
spreading force is independent of the oil film thickness and does not decrease
as the oil film thins out. Eventually, for very thin slicks, the surface ten-
sion force will become the predominant spreading force. |

These spreading forces are counterbalanced by the inertia of the oil film
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and a frictional drag force from the water below the o0il slick. The inertia of
the oil phase decreases with time because the o0il layer becomes thinner as it
spreéds, but the inertia of the viscous layer of water below the 0il increases
~ with time as its ;hickness grows. Consequently, the viscous retardation event-
ually outWeighs the fnertia] resistance of the oil 1ayér itself. | |
Fay (1969) used an order-of magnitude analysis to recognize three principle

flow regimes through which the spreading oil film passes. The fifst regime
occurs at short times; the spreading rate is controlled by a balance of gravity
and inertial forces. The second regime'occﬁrs later when the 0il slick has
become thinner. The viscous drag replaces the inertial force as the predominant
retarding force, while the gravitational force continues to be more important
than the surface-tension driving force; In this regime the spreading rate de-
pends oh a balance of the gravity and Qiscous forces. The third regime be-
comes fmportant at very late times when the spreading of the very thin oil sffck
is promoted by the surface tension force and retarded by the viscous force.

The following discussion will be restricted to the regime of intereét-in
this=wprk, i.e., the gravity-inertia regimé. |

Fannelop and Waldman (1972) theoretically aha]yzed the dynamics qf oil

slicks on calm water. They neglected the vertical acceleration and assumed
that the oil was in hydrostatic equilibrium in the vertical direction. In the
gravity-inertia regime, the gravitatibna] force balances the inertia of the.oil.
Assuming the oil density is constant, the conservation of mass and the equation_'

of motion for a one-dimensional configuration are expressed as follows:

ah 3 - .
__32 + U a_U. . gA -a—h- (11-4)

ot~ Y ax ax
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“where X is the spreading direction and A is defined as (pwater-poi])/pwater.

U is the spreading velocity of the oil in x-direction, h is the oil thickness
and g is the gravitational acceleration.  Fannelop and Waldman assumed that the
velocity of the leading edge of the oil was analogous to a wave speed in gas-

dynamic theory:
- 172 :
LE - [g A hLE] (II‘S)

Integrating equations (11-3) and (I1I-4) yields the following relation for the
one;dimensional spreading of oil slicks on water. The equation gives the
“spreading distance as a function of time for an instantaneous spill.
4 | A é 3 D
x = 1.39 [9—%;35-J , | (11-6)
Qhere V is the oil volume and w is the width of the channel.
?ay (1971) commehfed upon Fannelop and Waldman's theory and argued that
the oil'leadiﬁg edge was an intrusion.  According to von Karman's (1940)_famous

calculation, the velocity of the leading edge should be:
U = [2 g a h]V2 (11-7)

where h is the thickness of the oil some distance ffoﬁ the 1=2ading edge. 1In
Fay's treatment of the oil slick equation (II-7) was used for predicting the
velocity of.the }eading edge, exéept h was replaced with hLE’ the thickness of
| tﬁe 0il at the leading edge. | — |
Benjamin (1968) has shown that a steady-state intrusion does not take

1/2

place, so_that a speed between [gAhLE]1/2 and [2gah for leading edge is

LE]
possible.
Hoult (1972a) proposed that the leading-edge boundary condition should

be:
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Ue=Dga hLE]”2 (11-8)

and considered )\ as experimentally determinable. Using Fannelop and Waldman's
assumptions and applying a similarity transformation to solve equations (11-3)
and (1144), Hoult obtained a spreading law similar to Fannelop and Waldman's

excépt the coefficient n is undetermined but can be related to A.

X =1 [~—————° va'ﬂ' | (11-9)
where o
' Ca-l3 -
-[4_2 -
n _--[QA - 27] - (11-10)

If Fay's leading-edge boundary condition (A = 2) was used, the value of n
should be equal to 1.89 instead of 1.57 reported in Hoult's paper. Hoult also
derived the fo1]owing equation which predicts the thickness profi]é of the oil

during spreading:

2/3 .
4 2 2 |

h(x, t) _ ﬁ‘ﬁ]_ £
) =1 +[ [ i _]_] (11-11)

92 9 :

where
E= X ELJL)EL] | (11-12)
w

Figure II-12 shows that the theoretical thickness profile rises smoothly

from the origin to the spreading front, using Fay's leading-edge boundary con-
i
dition. ‘ X
4
[}

Experimental studies of the gravity—inertia'spreading regime in a one-
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dimensional configuration were conducted by Suchon (1970). The experimental
apparatus was a plexiglass tank 2 feet wide, 7 feet long and 1 foot deep. Typ- .
ical'experimeﬁtal results are plotted in Figure II-13. Hoult's theory agrees
well with the experiments. The value of the intercept is equal to 1.6, which

is taken as n in equation (II-9), and the corresponding A can therefore be
evaluated iﬁdirect1y as 1.40 from equation (II-10). Furthermore, Suchon's
"photographic study of the leading edge of the_oil sTick shows that the oil s]ick
is thickést at the spreading front and thins out toward the spill origin; this

: profile is consistent with Hoult's theory. | | | :

" Boiling and Spreading of Cryogenic Liquids on Water

Instantaneous Spi11s>

' A review of the literature indicates that few experiments have ex-
amined simultaneous boi1ihg and spreading rates for any volatile cryogen. Bur-
gess et al. (1970) used an overhead camera to study LNG spills from a point
. source onto an open pond and reported that LNG spread with a constant radial
velocity of 0.38 m/s. Figure I1I-14 presents the pool diameter as a function of
time for several LNG spills on water. In general tﬁe relationship of constant
spreading rate was obeyed in the early part of the tests but later the spteading
rate decreased.

In Burgess et al.'s analysis, with the radial spread velocity-u, the pool

-diameter d and the corresponding area A are given by

d = 2ut ' (11-13)
2
A = 1;’— = n(ut)? (11-14)

Assuming a constant heat flux q, the volume of LNG evaporated at time T is
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T 2,3 |
vV = f[ij%;] dt = (5 )[QZH*-EL—-] (11-15)

where oL is the density of LNG and AHV is its heat of vaporization. The time re-

quired to evaporate an initia]rquantity V0 is

3AH. o, V 71/3
T = [____JL_J:_Jé} (11-16)
T QU

Burgess et al. used 4 = 92 kW/m’ (obtained from confined LNG spills). With

pL = 425 kg/m3, AHV = 511 kJ/kg, and u = 0.38 m/sec, equation (II-16) yields

3

1/3 (Vo in m”, T in sec) (11-17)

T=24.9 Vo

The maximum pool diameter d

nax is then obtained by combining equations (II1-13)

and (11-17), yielding

} 1/3 i
d ., =19.0V "7 (m) (11-18)

Boyle and Kneebone (1973) made three spills of LNG on a pond and measured
the pool diameter at the instant of time when the pool began to break up into
descrete patches. Their data are given in Table II-4. Note that the spreading
rate decreases as the initial quantity of LNG spilled increases. This is in-
consistent with the findings of Burgess et al., who claim the spreading rate
is constant and independent of the amount spilled.

Boyle and Kneebone claimed that, when the thickness of LNG decreases td
approximately 1.8 mm, there is no longer a coherent LNG layén and discrete patches
of LNG spontaneously form. With this assumption, they computed the required
average evaporation rate necessary to produce this layer thickness at the exper-

imentally observed time for pool break-up. The evaporation rate was equal to
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TABLE 1I-4

Boyle and Kneebone Boil/Spread Data for LNG

Spill Size, m 2.24 x 102 4.48 x 1072 8.97 x 1072
Pool Diameter at Break up, m 3.96 5.64 1 7.32
Time to Pool Break-up, s 2.75 4.5 9.5
Time to Complete Evaporation, s 24. 33. 35.

Average Spreading Rate, m/s 1.43 1.25 0.76
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15 kW/mz, a value significantly below that suggested by Bufgess et al. (92
ki/n’). |

. Boyle and Kneebone also claimed that in a spreading situation, ice did
not form and boiling rates should be quite Tow compared to that for confined
area spills. Recall that in coﬁfined area spills ice quickly develops and
most boi]fng occurs in the nucleate boi]iﬁg regime on a thin ice crust.

Other studies of boiling and spreadiﬁg of cryogenic 1liquids on water have
.beén theoretjca] and based predominantly upon studies of non-volatile oil
spilled on water. _

Hoult (1972b) coupled the evaporation and spreading rates of LNG and was
Able,to predict the maximum pool diameter and the time required for complete
vaporizatidn for LNG spilled on open water. By assuming that thg heat used to
evaporatetheLNG-comes‘from freezing cf the water and the ice temperature varies
linearly across the ice layer from the LNG boiling temperature (Tb) at the top
to the water freezing temperature (?f) at the bottom, Hoult obtains the fol-

lowing expression for the ice thickness &:

2 k; aT t’ 1/2
§ = —‘B';—Aﬂ-f—- - .(11-19)'

where AT = Tf - Tb' and ki is the thermal conductivity, AHf the heat of fusion
and P; the density of ice. Hoult neglects the volume loss of LNG from vapori-
zation while it spreads and_decfibes the spreading of LNG with the radial spread
law for an instantaneous spill of oil on water by Fannelop and Waldman (1972):
1/4

r=[gav %] (11-20)

where A = (pHZO - pLNG)/°H20 and V0 is the initial spilled volume of LNG.

By equating the heat required to evaporate the LNG to that removed from
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the ice, Hoult obtains (after neglecting the variation of ice thickness with
radial distance) the following expression for 1, the time required to evaporate

the initial quantity Vo of LNG:

2

AH V 1/3
1=0.77]—L "V o ] (11-21)
94 p; ki AHf AT

The physical constants of ice are evaluated at an average temperature of
(Tb +_Tf)/2. Substituting the various physical constants into equation (11-21)

one obtains

3

1/3 (v, in w’, T in sec) (11-22)

= \
T =27.8 Jo
The maximum pool radius is obtained by combining equations (1I-20 and (11-22),
yielding

_ 512, )
ro =811 () (11-23)

Hoult's model ingnores the effect of evaporation on the spreading of LNG.
This yields an overestimate of the maximum spi]l_radius; Moreover, the senQ
sible cooling of ice and water under the ice is also neglected. In Hoult's
analysis, the only thermal resistance is within the ice layer. No surface
resistance due tb initial film boiling is considered. Consequently, Hoult un-
derestimates the time required to completely vaporize the LNG spilled on water.

Fay (1973) improved Hoult's model by accounting for the sensible heat
when the ice is cooled below the freezing temperature. The thickness of'the
ice layer at time t is given by |

2k, ATt 1/2

§ = (11-24)

1
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where c; is the heat capacity of ice. Note that the first term in the denomi-
nator represents the heat release due to phase.change while the second term
représents the loss by the ice as it cools.

Fay assumes the thickness (h) of LNG layer is gniform and models the

leading edge of LNG as an intrusion. Consequently, for a

& pganyz (11-25)
gt ,
" where = | o
he - | (11-26)
ar :
_ combining:.
| A Y1172
a&r- [—i———z > V] - (11-27)
wr

" Neglecting the volume change from evaporation as LNG spreads, Fay obtains‘
1/4 '
r= [% g A Vtz] © (11-28)

by integrating equation (I1I-27).
If the heat removed from ice equals that required to evaporate the LNG,

the time for the volume Vo of LNG to completely vaporize, 1, is expressed by

o % MV, - /3 o
T = P 3 —1 (11-29)
167 9b p; ki AT (AHf toc, AT) . )

Substituting the physical constants into equation (11-29), Fay obtains

T=8.8 Vo]/3 (\I_o in m3,1 in sec) , (11-30)

The maximum pool radius is given by
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i 5/12 ' )
Max = 5.8 Vo (m) (11 31)

Fay's model suffers from the same shortcomings of Hoult's modél except
fhaf the sensible heat of cooling the ice has been included. It is because of
~ this assumption, that Fay's analysis predicts smaller ice grewth and consequently,
shorter times required for complete vaporization and-a smaller extent‘of
spreading than does Hoult.

For instantaneous spills, Raj and Kalelkar (1973) have obtained an expres-
sion for the radial spreading rate of LNG by equating the grévitationa] spreading
force F__ to the inértial resistance force F.: |

gr

F_ =xrhl o 9 | (11-32)

F. = -k ( 2 h o )er (11‘33)

h is the mean th1ckness of LNG at time t and pL is assumed constant. Thé

authors used the factor k in equatlon (II 33) to account for the fact that the
inertia of the entire LNG layer is a fraction k of the inertia of the total mass,
if the entire mass were being accelerated at the leading edge acceleration dzr/dtz-
They assume that k remains the same at all times. |

Equating Fgr and Fi’ Raj and Kalelkar obtain the spreading law:

P .
h=-k [—E] Pl | (11-34)

They also account for vaporization of the LNG with the following mass conser-

vation equation:

V=V - (Bf)j; (h ) rdt (11-35)
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and
V=%r h (11-36)

where q is the boiling heat flux (assumed constant).

Solving equations (II-34)»through (11-36) yields a third order non-linear
differeﬁtia] equation. -Becauéelbf the uhknown value of'k,'fOUf'boundary con-
~ditions afe required to specify the solution. The only boundary condition
specified by Raj ;nd Kalelkar is that V = V0 at t = 0. The remaining three con-
stanté are obtained by fbrcing their solution (for the case q = 0) to be iden-
tical to that of Fannelop and Maldman. Raj and Kalelkar obtained the following
equations for the time, 7, for complete evaporation of LNG and the maximum

radius of spill at t:

oLZ LHVZ VO /4
T = 0.67 - S (11-37)
gdaq
" and
pLZ AHVZ g A "03 1/8
Ymax 2 ~ ' (11-38)
q . A
with q = 92 kW/mZ, for LHG
T = 21. vo‘/4 (v, in m>T in sec) (11-39)
ooy 38
"max 8.7 Vo (m) (11-40)

Using the same assumptions as those for radial spreading, Raj (1977) dev-
eloped a boiling-spreading model for instantaneous spills of cryogen on water
in a one-dimensional configuration. Since there is no analytical solution to

the second order non-linear differential equation which describes this system,
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Raj used a first-order perturbation approximation to obtain an analytical expres-

sion for the spreading distance x as a function of time t.

/3

‘ 2 .
gav t]1/3 . 2 .71
x=1.39 [~—-——£L——{] + 0.097 9 (ga) wit (11-41)
w J AHV VO

__wﬁere w is the width of the channel. The time for complete vaporization te and

" the maximum spreading distance X o for the one-dimensional configuration are

given by
oy s
= 1.09 W : (11-42
t, " ( _ qH )3 ¢ )
_ pL A v
and
V.311/5
98 (=2)
xg = 1.59 |—— (11-43)

(i)

Muscari (1974) proposed a numerical model to describe the boiling and
spreading process for cryogens spilled on water.. In his aha]ysis, it is as-
sumed that hydrostétic equilibrium is established in the vertical direction and
the boiling heat flux is constant. For an instantaneous spill in a radial con-

figuration, the conservation equations for mass and monentum follow:

Q

oh 13 pyy = - (11-44)
5t *r oy (rhU) = - -
pLAHV

U, ;M. |
R T AT - (11-45)

where h is the thickness of the cryogen and U is the spreading velocity.

Muscari considered the leading edge of the cryogen as an intrusion and used the
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the following equation for the leading-edge boundary condition:

= 1/2 -

As the initial condition Muscari applied Hoult's (1972a) oil spill theory at
a very small time (t). | )

A numericdl technique caf]ed "the method of characteristics” was used to
‘.solve equétions (11-44) and (11-45). Muscari theoretically predicted thé thick-
."ness profile for the cryogen at various times during spreading. Figure 1I-15
"shows tﬁe thickness profile in dimensionless form. The_expression for the
‘dimension1ess thiékness, rédiué and time are giﬁen in the figure. As seen in
this‘figure, the leading edge is thicker and thins out towards the center of
the pool. As the cryogen continues to evaporate, the center part soon becomes
'crydgen free and a trailing edge appears and moves outward. This is consistent
with May and Perumal's (1975) reports that LNG pool break-up starts at the cen-
- ter and the last material to evaporate is a ring at the leading edge.

Muscari's analysis gives predicticn§ for both the spreading-front path and
the trailing-edge path, shown in Figure II-16. Thg intersection of the spread-
ing-front path and the trailing-edge path, determines the time for complete
vaporization and the maximum spreading radius, which can be expressed by the

following equations:

. pLZ AHVZ v, 172
T=0.80 — (11-46)
gAgq _
: pLZ AHVZ gA_V03]1/8 : |
Ymax = 1-23 QZ — (11-47)

Compared to equations (II-37) and (11-381, equations (I11-46) and (11-47)

predict higher values of t and rma# than those found by Raj and Kalelkar's model.
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CRYOGEMIC LIQUID SPILLED CM WATER IN A RADIAL
CCHFIGURATICH.,  CONSTANT HEAT FLUX ASSUMED(MUSCARL,
1974). :
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However, the theoretical thickness profile predicted by !uscari's analysis
gives zero thickness at the center of the pool at all times. This is not
physically realistic in the initial stage.

Otterman (1975) has reviewed various models for instantaneous spills of
cryogen on water. Essentially, all the models are based upon derivations which
assume gravity forces cause spreading and are opposed by inertial forces. 1In

such cases, without evaporation, the spread law is

o 1/4
r=1[gaVv, t7] (11-20)

By accounting for the evaporation of cryogen during spreading, Otterman
assumed that the average volume during the process can be approximated by V0/2
which should be used in equation (1I1-20) instead of the initial spilled volume
Vo With a constant heat flux §, Otterman equated the time integral of the
boiling heat flux to the quantity spilled and obtained the following expression
for 1, the time for complete evaporation:

) ?
o 2 4 2V /4
T =0.95 5 0 (11-48)

gaq

Sustituting into equation (II-19), one obtains

2 .2 31/8
[DL oH 7 gy, }

(11-49)

Compared to equation (1I-46), equation (II-48) predicts an even higher
value of 1 but the value of Yoax predicted by Otterman's model is much lower
than those by Raj and Kalelkar and Muscari.

In Table II-5, the predicted values of 1 and Yax from various models are
compared with the experimental data of Boyle and Kneebone (1973). Note the poor

agreement for the different analyses. Fay's model gives much smaller values
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of T and r . then those predicted by the others. This is not surprising since
in Fay's ice analysis, he neglects the surface resistance to boiling which is
important in the early portion of the boiling process of LNG on water. This
~ is when the heat transfer rate is much lower because it is in the film boiling
regime.. It is intéresting to note that analyses of Hoult and Otterman yield
almost identiéa]'predictions for the maximum pool radius. Hoult assumes the
"LNG volume does nof-change during spreading and the heat used to evaporate LNG
cones from freezing the water while Otterman uses an average volume aséumption
with a constant boiling rate. However, this agreement is fortuitous. The max-
imum poof diameters preaicted on the basis of Raj and Kalelkar's model are -in
good agreement with Boyle's data. The values of t predicted from the models
discussed above are much lower than the experimental results. This is not un-
expected because all the models (except Muscari's) assume that the circular
area uniform]y covered with LNG continues to increase as long as any liquid
cryogen remains. However, Boyle and Kneebone cobserved that the LNG pools
broke up into discontinuous areas before complete eQaporation. Using a "contin-
uous pool” assumﬁtioﬁ fdr tﬁédLNG_laQér tﬁerefére resu]t$‘fn-underestimafing
“the time for compléte vaporization because the cryogen-water interfacial area
is overestimated. |
Continuous Spil]é
In cases where the discharge of cryogen is not instantaneous but persists

for a long period of time, .the spill is referred to as continuous. Otterman
(1975) obtains an eipressfoh for the maximum }adius of a continuous spill of
cryogen by eduating the spill rate R to the eQaporating rate, assuming a con-

stant heat flux,

max g

- fp, MM, R 172 .
r =[—L——~"———] (11-50)
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For an initial quantity vo of cryogen continuously released over a period

(t) of time at a constant spill rate Vo/t, the maximum spreading radius is then

: p, &H /2 [V \1/2
P27 ()
nq

The maximum spreading radius for a continuous spill varies inversely with the

square root of time.  Since the instantaneous spill is a special case of con-
tinuous spill (with infinite spill rate), the maximum radius attained in the in-
stantaneous spill is the maximum for any continuous spill. The maximum pool

radius for an instantaneous cryogen spill on water is expressed by (Otterman)

‘ 1/8
2 2 3 o |
p, AHy gAY
[L M 0 ] (11-49)

r = 0,82
max _ 4

By equating equation (I1I-49) to (II-51), one obtains the following equation
which can be used as a criterion for -classifying continuous and instantaneous
spills of the same quantity of cryogen:

2 2 .. '
aHy~ Vol/8
g84q” _-l

(11-52)

p
- L
tcr = 0.69 [

If the duration of a spill is longer than tcr’ the spill shoﬁ]d be modeled
as a continuous sbil]. If the spill time is shortgr than tcr’ the spill can be
considered instantaneous.

As indicated in equation (II-52), tcr is a function of the boiling rate

q; tcr increases as q decreases. For LNG, with q = 92 kWImz,

- 1/8 .3 i
t.. = 3.8V, (Vo inm™, t . in sec) (11-53)

c

For example, for a LNG spill of V_ = 10° liters, t.,. is equal to 3.86 sec.
If the duration of the spill is 4 seconds, the spill is classified as a contin-

uous spill.
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.Georgakis et al. (1978) proposed a model for a non-instantaneous spill of
a liquid fuel on water that could result from a collision and rupture of a ship's
~ fuel tank. »

As mentioned previously, in the prior analyses of instantaneous spills, the
sﬁape of the spill was taken to be circular. The spill area then depends only
on the spill volume, not on geometrical characteristics of the ruptured tank br
on the hole size and location of the tank. |

Georgakis and his co-vworkers accounted for these effects and presented a
model which predicted the time variation 6f the shape of the liquid fuel spill
on water. Instead of the cﬁkéuiar'shape'ffom'an'instahtaneous spill, the pre-
dicted shapes of the hole spi11§ are long and narrow. Their maximum spill area
are signifiéant]y less than that predicted for an instantaneocus spill, of the
same fuef volume and so is the time to attain the maximum area. .

- - -However, the author's derivation assumes that hydrostatic equilibrium is
established in the vertical direction as the fuel leaves the tank and that the
displaced water travels with the same velocity as the fuel. The authors did
not account for the balance between inertie? and gravitational forces on the
fluid efements once these fuel elements leave the source of the spill. Physi-
cally the velocity of the fuel-water interface should be the same as the fuel
velocity, but the velocity of the displaced water can not be expected to be the
same as the fuel. In spite of the assumptions and limitations of this model,
it does provide a somewhat more realistic basis for an actual spi]]..

In summary, few experiments have been conducted to examine the simultaneous
boiling and sbreading of LNG on water. The available data do not agree well
with the theories that have been proposed. For LPG, essentia]]y.no research
has been done to describe the boiling and spreading phenomena following a spill

on water.
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ITI. EXPERIMENTAL

A. SPILL/SPREAD/BOIL APPARATUS |

| The experimental apparatus was designed to study the boiling and
spreading of cryogenic liquids spilled on water. A one-dimensional apparatus
was used.

A schematic representation .of the apparatus is given in Figure III-1
while Figure III-2 is an actual photograph. The equipment consists of six v
major parts: (1) the liquefaction station, (2) the cryogen distributor, (3)

a water trough, (4) the vapor sampling stations, (5) the hood connection, and-
(6) a safety shieid. A detailed deséription of_eachrpart of the apparatus

follows.

1. Liquefaction Station

Figure III-3 depicts the liquefactionlstaticn.. Thfs apparétus was-
fabricated from 15cm (nohinal 6 inch) diameter, Schedule 10, #304 stainless
steel pipe, providing strength at very low temperatures. It consists of a
cylindrical pipe, 15.2cm in length, welded at each end to dished caps. The
total internal capacity is approximately 6.5 liters.

The helium gas and 1ight hydrocarbon gases flow into the vessel through
0.635cm (1/4 inch) 0.D. seamless 304 stainless steel tubing. The helium has
two-fold function: 1) flushing out the air in the vessel before liquefying
hydrocarbon gases and 2) pressurizing the vessel to deliver the condensed
hydrocarbon. |

A length of 0.953cm (3/8 inch) 0.D. stainless steel tubing has been vert-
ically installed with its end 1.27 cm above the bottom of the vessel. This

lines serves to transfer the hydrocarbon condensate to the cryogen distributor.
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valve in the line. The valve has a stainless steel ball/trim and Teflon seals
to allow operation at very low temperatures. A pressure gauge (labeled "P"
in‘Figure I11-3) indicates the internal pressure of the vessel. In the case
that an uncontrollable pressure increase occurs inside the liquefier, a

safety release valve (wrapped with an electric heating tape to prevent freezfng)
will open. The relief valve is spring loaded with Teflon seats, and is set
fora release pressure of approximately 3.7 bars.

Two chromel-constantan thermocouples are externally silver soldered the
opposite sides of the vessel. Around the vessel is wrapped approximately 18
meters of 0.635cm (1/4 inch) copper tubing. The entire unit is placed on an
aluminum stand inside a large stainless steel Dewar. The Dewar is filled
with n-butanol that serves as a heat transfer medium. Ligquid nitrogen eva-
porating within the copper coils lowers the temperature of the liquefaction
unit. The nitrogen flow rate is limited by the need to maintain complete
vaporization of the liquid NZ' The terperatures of the ligquefaction unit,
measured by the wall thermocouples, are maintained at various level, depending
on the hydrocarbon gas which is liquefied, by adjusting the flow rate of 1i-

quid nitrogen (and therefore the rate of ]iqueféction) inside the vessel.

2. Cryogen Distributor

The cryogenic liquids prepared in the liquefaction station are de-
livered to the cryogen distributor prior to the spill. A simple pouring of
‘]arge quantities of cryogen at the end of the water trough is not feasible
because it would cause a severe disruption of the water surface producing un-
desirable wave motions withing the tube. The cryogen distributor has been de-
signed to minimize these effects. A transverse view of the distributor is
shown in Figure II1I-4.

The distributor employs a spring-lcaded piston with a Teflon-encapsulated
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spring seal on the groove of piston surface. when the piston shaft is lifted
and held in place by a retaining latch, a cylindrical void in the distributor
is §ea1ed at the bottom by the piston. The void in the distributor can hold
approximately 3,5 liters of cryogen. The release of_the latch releases the
piston shaft and allows the piston to fall, opening a side port thrcugh which
the cryogen can flow onto the water surface.

The piston cylinder is fabricated from nearly'transparent Lexan polycar-
bonate resin to permit visual observation of the cryogen level. A series of
calibration lines have been marked on the distributor at 0.5-1iter intervals
to aid in the determination of the quantity of cryogen delivered. The dimen-

sions of the piston cylinder are 17.8cm 0.D. x 61.cm in height. Upon full

©° downward displacement of the piston, the maximum cross-sectional flow area of

the rectangular side port is about 48cm2. This side port area is adjustable
and in the LPG spills, it is changed to check the size effect on the spill |
phenomena.

A nitrogen-driven pneumatic cylinder shifts the latch on the piston shaft;
Thi$ frees the spring-loaded piston and initiates the cryogen delivery. The
nitrogen flow is regulated by a three-way solen@id valve actuated by a pro-
grammable sequencer (Texas Instruments 5TI-102 ser{es), thus providing auto-
matic release of the piston at the appropriate time during the experiment.

The build-up of pressure inside the distributor before an experimental
run-is prevented by venting the distributor to the hood and allowing the boil-
off vapor to escape. This vent line is closed by a sequencer-controlled solenoid .

valve after the piston is released.

3. Water Trough

Simultaneous boiling and spreading tests are conducted in a long,

narrow water trough. The trough consists of a plexiglas tube that has a 17.8cm
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0.D., 16.5cm I.D., and is approximately 4 m long. It is half filled with

water. Water, cryogen, and vapor temperatures are monitored by a set of chromel-
constantan thermocouples fabricated from 76um wires. Seven vapor-thermocouples
enter through the top of the water trough and are placed at 50cm interva]s

. along thg length of the tube. The first vapor thermocouple is placed 25 cm
from the cryogen distributor. An eighth vapor-thermécoup]e is placed in the
chimney which fs the gas vent leading to the hood.

A total of twenty-seven liquid-thermocouples are introduced through the |
bottomlof the water trough and are located at the water surface to indicate
the passage of cryogen. These thérmocoup]esare placed at 12.7cm intervals
along the Tength of the trough. The first thermocouple is ]ocatéd next to
the side port of the cryogen distributor to mark the beginning of the spill.

The thermocouple out-puts are fed directly into a NOVA-840 Real Time Com-
puter (Data Genera}'Corp.) for data sampling, storage and analysis. This com-
puter can simultaneously samp]g sixteen channels at intervals of 100 ms. |

7 ;nitia] tesis of'the apparatus shovied that spilling 1afge quantities of
liquid onto the water creates é large wave thch;_wheh réf]ectedrdff the far
end of the apparatus, interferes with the spreading,A A wave damping system
‘has been therefore installed at the far end of the water trough. It consists
of a pile of stainless steel wool coarselypacked into a square box attached to
the exit end of the water trough. The steel wool was found to be effective
in absorbing and dissipating the energy of water waves.

| A high speed camera has also been used to record the movement of cryogen
over the water surface.
" The local boil-off rates of crydgeﬁ spreading on water are estimated in
an indirect manner., A tracer gas, carbon dioxide, is injected continuously

at steady rate into the system through a gas diSpersion apparatus, shown in
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Figure 111-5. The dispersion apparatus is located next to cryogen distributor
and distributes the tracer gas evenly above the water surface inside the tube.
Vabor samples are taken at several locations along the tube during the experi-
ment. A temperature-programmable gas chromatograph is used to analyze the'va-
por samp]es._ The temperatures and compositions of vapor samples provide the
necessary information to determine the mass boiled off as a function of time
and position. The detailed data treatment will be described in a following

chapter.

4. Vapor Sampling Station

Eight vapor sampling stations are positioned next to the vapor;thermo-
-c0up1es'alphg the Spill apparatus. FEach of these stations has the capacity to
collect six sebaréte vapor samples in an array of 25 cm3 glass sampling bulbs.
Figure III-6 and iII—? show the top view and isometric cut-away view of a sam- .
pling station. Figure III-8 is an actual photograph of a sampling station. .
Bef@re ﬁn experimental run, each sampling bulb is initially purged énd'pres-
surized to approximately 1.4 bars with an inert gas, argon. During the exper-
iment, the lower solenoid valve opens just prior to sampling; expansion of the
. érgoh gas then serves to purge residda] vaporé from the common inlet line.

The upper solenoid valve, which is connected tb a vacuum line, then opens ahd
the vapor sample is drawn into the bu]b.'.Fiﬁally, tﬁe sampling stops with
the simultaneous closing of both solenoid valves. Each complete samp]ing pro-
cédure takes about one second. 7. | _

The actuation of solenoid valves is controlled by the programmablé se-
quencer. A 5TI-3200 TCAM (Time/Counter Access Module) enables easy monitoring
and alteration of programmed timing operations. The scan t;me of 8.3 ms yields

\:
an expected maximum timing error of less than 4.2 ms.
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FIGURE I1I-6: TOP VIEW OF VAPOR SAMPLING STATION
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FIGURE ITI-8: A PHOTOGRAPH OF A VAPOR SAMPLING STATION
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5. Hood Connection

The spill apparatus is connected to the hoqd to allow the venting of
the flammable hydrocarbon gases. The hood connection pipe, fabricatedrfrgm |
thin galvanized steel, fits around the vertical chimney of the spill apparatus.
There is an annular spacing of approximate1y 1.27cm betwieen the pipe-aﬁd the

chimney.

6. Safety Shield

Fbr safety purposed the water trough, elevated by wooden supports,
ié placed within a metal U-shape container. In the event of breakqge, all
of the fluid would be retained. In the case of an accident, ambient air would
be prevented from mixing with the 1ight hydrocarbon gases because the entire
~ apparatus is enclosed in a sealed plexiglas box. Nitrogen is introduced into
this outer plexiglas cover to purge the surrounding space of air. Figure III-

9 presents an end view of the safety shield.

B. PREPARATION OF CRYOGENS

The Tiquid hydrocarbons are prepared in the liquefaction station by
cooling the hydrocarbon gases below their boi]%ng points. This is accomplished
by evaporating 1iquid nitrogen in the coils around the liquefaction vessel.

 Before beginning liquefaction, the vessel is pu?ged with helium gas to
remove air. A hydrocarbon gas cylinder is then connected and gas_is allowed
to flow into the vessel. As 1iqufd nitrogen starts flowing through the copper
coils around the vesse],.it chills the g;bufanol and the liquefaction vessel.
The thermocouples attached to the exterior of the vessel permit the monitoring
of temperéture. -
As the temperature decreases further, the hydrocarbon gas begins to con-

dense. Since methane and propane liquefy at 111.7K and 231.1K respectively
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(at 1 atmosphere pressure), the temperatures of the liquefaction vessel are
maintained between 90K and 115K for methane and between 220K and 230k for pro- .
pahe,by Varying the flow rate of 1iquid nitrogen. The 1iguid nitrogen flow
rate indirectly controls the rate of liquefaction.

The change in weight of the gas cylinder indicates the amount of liquid
éryogen.produced. When sufficient cryogen has been gbtained, the feed of 1i-
quid nitrogen is discontinued. The cryogen is then ready for delivery to the
distributor.

Matheson U]tra‘High Purity Grade methane and C.P. Grade methane, ethane,
propane and gfbutane-cy1inders have beenvused to prepare the cryogenic liquids
in this work. The liquid nitrogen is supplied by the M.I.T. Cryogenic Labora-
tory. The purities of all the gases used in the experiment are listed in
Table III-1.

Preparation of LPG mixtures requires a special prodecure. According to
Porteous and Reid's (1976) prediction, the spillage 6f LPG on water at the
ambient temperature would result in super critical éxp?csions if the propane/
_ethane molar ratio is less than 0.60 and n-butane/ethane ratio less than 0.25.
Therefore LPG mixtufes must be carefully prepared with compositions far away
from the explosive region.‘

Since propane-n-butane mixtures do not exhibit the super critical explo-
sion phenomena, 1iquid propane is preparedifirst. N-butane gas is theq con-
nected to the liquefaction vessel and the desired amount is liquefied. Finally,
ethane is added to the vessel, but a special caution is used to ensure that

the compositions of the LPG mixtures fall within the safe region.

C. APPARATUS OPERATING PROCEDURE

Initially, the center openings of the sampling bulbs are closed

with rubber septa held in place by thin wire. For each experiment new rubber
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TABLE III-1]

Purities of Various Cylinders

Helium 99.295 mole %
Argon 99.998
Carbon Dioxide 99.8
Methane 99.97
99.0
Ethane 99.5
Propane - 99.4
n-Butane 99.4

Liquid Nitrogen 99.95
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septa are uséd for all sampling bulbs. Eight sampling stations are connected
to an argon cylinder and separately purged with argon gés until the molar con- .
cenfration of argon in each sampling station exceeds 99 percent. The gas
chromatograph is.used to determine this. The sampling stations are then pres-
surized with argon to approximately 1.4 bars. After this step, water is intro-
“duced into the water trough until the tube is half filled. The piston inside

l' the cryogen distributor is then lifted up to block the side port. The distri-
‘butor is thereby prepared to hold cryogen. Nitrogen gas is injected slowly
into the safety shield to purge the surrounding space'of air.

The liquefaction station is purged first with inert he?ium'gas and then
with the desired hydrocarbbn gas from a weighed cylinder. After purging with
thé hydrocarbon gas, liquid nitrogen is allowed to flow through the copber
§0i1s around the liquefaction vessel. As the vessel temperature drops below the
boi]fng point of theiﬁydrocarbon gas, condensation of the hydrocarbon begins.
By adjusting‘the flow réte of liguid nitrogen, the temperature of the 1ique-
fation station can bé maintained between 90K and 115X for methane and between
220K and 230K for ﬁrdpane. After a sufficient quantity of cryogen has been
~ prepared, as indicated by the weight change of the gas cylinder, the feed of
liquid nitrogen is discontinued.

The next step is to prepare the Real Time Computer for collecting fhé femp-
erature readings from the vapor and liquid thermocouples. A tracer gas, carbon-
diqxide, is directed through the dispersion apparatus into the spill iube to
purge air from the gas space above the water surface. The flow rate of the
tracer gas is monitored with a four-tube flowmeter unit. A 16mm, high speed
movie caméra (Red Lake Model #400 HYCAM) is used to photograph'the spreading
in the experiment. '

Before the cryogen is delivered from the liquefaction station to the cryo-
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gen distributor, all the sampling stations are connected to the vacuum ]iné. As
a safety precaution the overhead lights of the room are turned off. The helium_
gas is then used to pressurize the liquefaction vessel and the outlet valve

is opened; the desired quantity of cryogen is pressured out of the-]iqueféction_
container into the cryogen distributor.

The operation of the entire apparatus is controlled automafica]]y by the
programmable segquencer. When the sequencer is actuated the real time computer
program begins to collect data. The sequencer then releases the distributor
piston at a pre-selected time and the cryogen flows onto water surface. The
high speed camera begins photogfaphing 2 secbh&s before the ré]éasé of thé
piston. ~ The sd]enoid valve on the vent line of the cryogen distributor is closed
immediately after the release of the piston. Sémpling stations collect vapor
samples at specified times during the experiment;-each sampling station collects
six samples. Afterwards the gas chromatograph is used to analyze the composi-
tions of vapor samples. The Real Time Computer yields the temperature readings
stored during the experiment. |

Table I1I-2 presents the sample collection times for the six samples

taken at each sampling station.

D. ANALYSIS OF VAPOR-SAMPLE COMPOSITIONS

A Hewlett-Packard 5734A temperature-programmable gas chromatograph is
used to analyze the compositions of the vapor samples. Two 0.318 cm 0.D. (1/8
inéh) by 180 cm.1ong stainless steel columns are used to separate the samp]e
constituents. One column, packed'with 13X Mo]ecular_Sieve, is used to analyze
: the compositions of the sampling bulbs before the experiment. The other co]umn, _
packed with Poraﬁak—Q, is used to analyze the vapor samples collected during the

experiments.
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TABLE III-2
Sample Collection Times .

Vapor Sample Collection Time* Average Time

(sec) (sec)
1 0.75 - 1.25 1.0
2 2.25 - 2.75 2.5
3 3.75 - 4.25 4.0
4 6.75 - 7.25 7.0
5 9.75 - 10.25 10.0
6 12.75 - 13.25 13.0

* The time zero corresponds to the release of the distributor piston.
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A gas sample is removed from a sampling bulb through the rubber septum
by means of a Precision Samp]ing;Pressure Lok-gas tight syringe and then run
through either of the columns; depending on the components to be analyzed.
Helium is ueed as the carrier gas.

After separation in the column, the sample passes through a thermal con-
ductivity detector. The output voltage of the detector is integrated by a
Hewlett-Packard 3380A Advanced Reporting Integrator. The equipment settings
are given in Table III-3. Table 11I1-4 gives the retention times for various
cemponents. The detector's eutput vo]tege versus time prqfi]e preseﬁts a peak
for each component. The area under each peak is proportional to the amount
of each component present in the sample. The composition of the mixtures can
then be determined once the detector is calibrated for the specific response to

each component.
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TABLE III-3
Settings Used in Gas Chromatographic Analysis

Hewlett Packard 5734A Gas Chromatograph

Helium Flow 20 cm3/min.
Injection Port 150°C
Detector ' 250°C
Detector Current - 160 ma
- Column A (Porapak-Q) 2 min. at 60°C, then temperature ramped

. _ at 32°C/min. until 180°C
Column B (13X Molecular Sieve) 0°C

Hewlett Packard 3380A Advanced Reporting Integrator

Report AREAZ

- Attenuation - LOG
Chart AUTO
Stop timer 10 {min.)

Slope sensitivity 0.1 m¥/min.
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TABLE II1I-4

Retention Times in Gas Chromatographic Analysis

*QOven temperature: 2 min. at 60°C,
then temperature ramped 32°C until

180°C
Carbon dioxide 0.93 min.
Ethane 2.31 min.
Propane 4.48 min.
n-Butane 6.16 min.

**Qven temperature: 0°C

Argon + Oxygen 1.00 min.
Nitrogen 2.80 min.

* Porapak-Q column

**13X Molecular Sieve column
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IV. - DATA ANALYSIS TO DETERMINE LOCAL BOIL-OFF RATES

The local boil-off rates of LPG on water cannot be measured directly from
the experimental measurement. However, the locel boiling rates can be inferred
indirectly from the information obtained in the experiment.

It is assumed that the tracer gas and cryogen vapor are well mixed in the
vertical direction of the vapor ullage. This assumption is justified in
Appendix-I11. A mass balance over a differential volume element for the vapor

phase (see Figure IV-1) can be written:

Auc|, i AUC) 4+ Fdx = 2 (cadx) -
(mass flowing) (mass flowing) (evéporation) (accumulation)

in out source
where A = cross-sectional area above the water surface

U = vapor velocity

C = molar density of vapor

M = local boiling rate, moles per unit area per unit time

w = width of the water trough
Rearranging equation (IV-1), we obtain the following form:

%% = - E%ggl + ()R (1v-2)

Similarly the mass balance for tracer gas and cryogen vapor are expressed by

aC a(uc.)
T _ T
3t - T T ox (1v-3)
3C a{uc,,.)
HC _ HC Wy o
5t - " ax Y (M (1v-4)
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FIGURE 1V-1: DIFFERENTIAL ELEMENT IN THE VAPOR PHASE
ABOVE THE EVAFORATING‘CRYOGEN LAYER.
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where CT molar concentration of tracer gas
CHC4= mo]af'concentfation of cryogen vapor
Vapor temperature measuremants at various 1qcations during the experi-
men£ can be used to calculate the molar density (C) of the vapor as functions

of time and position. A equation of state of the following form is used:

=P

~ where pressure, 1 bar

compressibility factor

-universal gas constant, 83.14 bar-cm3/mo1—K

P
7
R
T

vapor temperature, K
The concentrations of tracer gas (CT) and cryogen vapor (CHC) are de-

" ternined by gas chromatographic analysis of the vapor samples.

C; =% C (1v-6)

CHc =C - CT (1v-7)

where x; is the mole fract_ion of the tracer gas obtained from sample analysis. Thereare

now two independent equations (IV-3) and (I1V-4) and two unknowns U and M. A numerical fi-
: nitedifferencetechniqmaisusedtoeva]uatethegasvelocityandthe]ocalboil-offrates.i
 Writing the differential equations (IV-3) and (IV-4) in the standard o

finite differene form:

(Cy) - (c,) (uc.) - (ue,)
Tiri, g Vi | Tin, g 7547, 3-1 (1v-g
t. -t. X, - X. -8)

i+l i j j-1

(o) - (Cyr) (uc,,..) - (UC,.)
it £ O S S A 5 O SN ™ TP 5| NS
bie1 T Y X - X AT,
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i is the fth'time interval and j is the jth space interval. Mi#],.j is the
local mass boil-off rate at jth spatial point and (i+1)th instant in tfme.

The algorithm begins with the known velocity at j = 0 (x =0). There
the velocity U is only due to the known flow rate of pure tracer gas. Equation

(IV-8) can be solved for the gas velocity U The two velocity values at

i1, j°
the (j-i)th and jth space intervals can be substituted into equation (IV-9) to
yield the local boil-off rate M at the (i+1)th time and jth position.

The units of M are moles per unit area per unit time. The values of. the
heat flux per unit area can be related to the molar fluxes by the following
two equations for a single component cryogén and mixtures respectively.

0

oure = M- (me) - aH, (kW/m?) (1v-10)

Qi = M Ox; + (m), - (2H)}  (ki/md) (1v-11)
1

where X5 is the mole fraction of ccmponent i estimated from the vapor sample

analysis, (nzw)i is its molecular weight, and (AHV)i is its heat of vaporization.
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V. ONE-DIMENSIOMAL BOILING/SPREADING MODEL FCR INSTANTANEOUS
SPILLS OF CRYOGENIC LIQUIDS ON WATER

The spreading mechanics of cryogenic liqufds on water in many respects is
similar to that of non-volatile liquids on water. The major difference between
these two processes is the evaporative mass loss of cryogen during the spreading.

Fay (1969) used an order-of-magnitude analysis to identify three principle
flow regimes through which the spreading film passes (see Chapter II): the
first is the gravity-inertia regime, the second is the gravity-viscous regime
and the third is the surface tensionfviscbus regime. For cryogenic liduids
spilled on water, only the physics of the first regime is important, where the
gravity and inertial forces balance (see Appendix-IV). Before the ﬁecond or

third regime becomes established, most of the cryogen has evaporated.

A, FORMULATION OF THE MATHEMATICAL MODEL

For the spreading of a cryogen liquid on water in a one-dimensional
configuration, assuming the density of the cryogenic liquid, o, is constant
and neglecting the acceleration across the thickpess, h, of the cryogen layer,
the following form of the continuity equation is obtained (see Figure V-I){

.§.}_‘_ .a.__ .'.?_ = ’ -
ot 5x (hu) + 5 0 (v-1)

where x is the spreading direction, U is the spreading velocity, and m is the :
local mass boil-off rate per unit area. m can be a function of both x and t.
In the gravity-inertia spreading regime, the gravftationa] force balances
‘the inertia of the cryogenic liquid. By assuming that the cryogen is in hy-
drostatic equilibrium in the vertical direction, the equation of motion takes

the following form:
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AN

FIGURE V-1: SKETCH OF A CRYOGENIC LIQUID SPREADING ON
A WATER SURFACE.
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ol 3l an _ -
at-l-U-,r)—i ga 0 _ | (v-2)

where A is defined as the ratio of the density difference between water and
the cryogenic liquid to the water density, (pw - p)/pw. The derivations of
"equations (V-1) and (V-2) are describad in details in Appendix-IV.

At the leading edge, the spreading velocity of the cryogen is given by

1/2

u = (AghLEA) (V-3)

‘where the value of.A is experimentally determined and equal to 1.64 (see Chap-
ter VI).

At the origin of the spill, the potential energy of the cryogen is converted
to kinetic energy. The'cryOgen has only vertical velocity and the horizon;a]
component of velocity is zero. Thus

U

0= 0 (v-4)

There is no ana1yfi¢a1 solution for equations (V-1) and (v-2) (Muscari,
1974). A numerical technique‘ca11ed "the method of characteristics” has been
used to solve these partial differential equations.

The‘physical model considers the entire spill process as being initiated
from a point. This geometric idealization leads to unmanageable singularities
in the governing equations (V-1) and (V-2) at x = 0 and t = 0. These diffi-
culties can be avoided by 1n1t1at1ng the spill descr1pt1on at a very small t
as opposed to t = 0, where it is assumed the spill process up to that tlme can
be described adequately by Hoult's (1972a) analytical solution for the spreading
of a non-volatile 1iquid on water. The justification of this assumption is

given in Appendix-IV.
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B. DESCRIPTIGN OF NUMERICAL SOLUTIOM: THE METHOD OF CHARACTERISTICS

Definition and Derivation of the Method

Solution by the method of characteristics is widely used in the study of
compressible fluid mechanics. It is a powerfull numerical technique that pro-
vides solution to any.two-dr three-dimehsional system of_bratial differential
equations of the hyperboiic type. The criterion for defining this classifica-
tion is described be]ow for the case of two dependent and two independent vari-
ab]es.

: Clear expositions of the theory with its application are described fre-
quently and extensive]j in the literature (Shapiro, 1953 and Thompson, 1972).
The development which follows is concerned only with the formalisms of the
method as they apply to this particular system. ' |

Since h and U are functions of x and t, the total differentials of h and

‘U may be written as:

_sh . L 3h . ey
dh = ox dx + Ez-dt (v-5)

_ au aU i
du = X dx + =T dt - (v-6)

Equations (V-1), (Vv-2), (V-5) and (V-6) are rearranged in the following

manners:

sh 2h au
U+ + h =-I
Ix ot p
3h U Al _
49 X + U IX ¥ at 0
\
sh ah = |
dx X + dt Y = dh \
ax Uy g o gy
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These equations may be considered as simultaneous linear equations in the un-

3h 3h U 3y .
knowns 3%’ 3L’ 3x and 3t Since the characteristic directions depend only on

ah ah 2l aU
3%’ 3t° 3x and x> any of these unknowns

can be solved to find the characteristic directions. For instance, solving for

3h

-

ax

the coefficients of the variables

, one obtains, in determinant notation

sh du 0 dx dt

ox U1lho
ag 0 U 1
dxdt. C 0
0 O dx dt

_ () (udt - dx) dt - (hdU - Uch - dh) dx
(W - agh) (dt)? - 2udxdt + (dx)° (V-7)

In order to establish the characteristic curves on the x - t and U - h

ah 3h 3U _ . 3U

plane across which 5%’ 3t Si'a"d 3t are 1ndetefm1nate, the determinants of

equation (V-7) are set equal to zero.

denominator: (U2 - agh) (dt)2 - 2Udxdt + (dx)2 =0 (v-8)

which rearranges to form the following equation:

2 dt,2 dt
(U° - agh) (a;) -2U (E§) +1=0 (v-9)
numerator: [hdU - Udh + (gj'(dx - Udt)] dt + dhdx = 0 (v-10)

leading to the following form:
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du _ m dty 1 dx
an = W "‘)"'p‘( - U5 R (v-11)
Equation (V-9)is a quadratic in (gi)and has the solutions with A = 02 - Agh,
=Uand C=1, |
dty _ BABS-AC . 1 BBZAC . 1 (V-123.b)
), S S /2 )11 A 172 V-lea,

U+(ﬂgh) U-(Agh)

which define the characteristic directions in the x -t plane. The slopes
(dt/dx)I 11 are dependent on U and h.
Subst1tut1on of equations (v- 12) into equat1on (“ 11) g1ves the s]opes of

the characterlst1c curves in the U-h p]a ie in terms of U, h, x and t:

| 1 n [ ]
dy _ ,aa172 o [ dty 171 dx
. =R - (V-13b)

a1 L X1

Examination of equations (V-12) shows that the differential equations{V-1)
and (V-2) may be of three types, depending on the sign of (B2 - AC). These

types are defined as follows:

Hyperbolic type: (B2 - AC) is positive and equation (V-9)

have two distinct real roots.

2

Parabolic type: (B“ - AC) is zero and fhere is only one:

real root for equation (V-9).
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FIGURE V-2:

PROGRESSION OF THE x-t CHARACTERISTIC
NETWORK FROM THE INITIAL DATA LINE.

Y
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E1liptic type: (B2 - AC) is negative and equation (V-9)

has no real roots. -

As h is always positive, the value ofr(B2 -AC) is greater than zero. The

sygtem of the partial differentia] equations (V-1) and (V-2) is classified as

vhyperbo]ic and therefpre permits solution by the method of characteristics.
Eduations (vV-12) and (V-13)l5atisfy thé differential equations (V-1) and

(V-s). Given suitable initial data, the characteristic curves in the

x-t and U-h planes may simultaneously be constructed numerically

or graphically in a stepwise fashion and the solutions of U and h can be de-

termined as functions of x and t. The original task of solving the nonlinear

partial differential equations (V;l) and.(V—Z) is thereby reb]aced by the com-

,pafatively easy task of simultadeouéTy solving the ordinary differential equa-

tions (V-12) and (Vv-13). |

" To use the new system (equations (V-12) and (V-13)}, a two dimensfonal

- plane diagram of t versus x is first constructed. On this diagram two families

 of characteristic curves, labeled I and II, are constructed as a result of in-

tergrating equation (V-12), with the given initial data. The two families of

curves will cross each other at a number of common mesh points. Equation (V~]3a)

can be integrated along the characteristic (dU/dh)I and equation (V-13b) along

the characteristic (dU/dh)II to calculate U and h af thé interséctfon points.

The actual integrations are performed by a finite difference method on a com-

puter.

An outline of this method, as it applies here, is described as follows:
Consider figure (V;Z) along the horizontal line 1-2, corresponding to the ini- -
tial time, t where the values of U and h are known. Llet Q and R be two
" arbitary points on the 1ine 1-2. Further, let P be the point of intersection
of the characteristic (dt/dx)I through point Q and the characteristic (dt/dx)II

through point R. The location of point P along with its values of U and h are
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to be found.

Pearranging equations (V-13) leads to the following form:

a I 172 moa0172 T 1 | _
-— U+ 2 (agh) = - — (&2 = G (v-143)
|- - (49 Jo.f h-) - Lu+ (Agh)]/z] P

_ r' " . 1/2 -

d 1/2 . oag 1 -
- -2 (Agh) = = (=) ] = G (v-14b)
_dX | p_ h ‘ _U - (Agh)]IZ PR 4 _ s

Writing equations (VY-14a) and (V—14b)in finite difference forms between points

P and Q, and between points P and R respectlvely-

(4 - Up) + 2 [(agn), )/ - (agn)y/?)

% = Bpq (v-15a)

(u —U)-2[@y0”2 mmﬂ”2

XP-XR

]

- 6y (V-15b)
The function GPQ is évaluated at both points P and Q, andrthen the mean of these
two values is used as the value of GPQ for further compytation. Similarly, the
function GPR is evaluated at points P and R, and the mean of these two values is
used as the value of GPR' Solving equations (V-15a) and (V-15b) simultaneously
yields the values for UP and hp. |
The procedure to determine the va]ueé of ip, tP and UP’ hP is as follows:
(i) The values of U and h at point Q are used in equation (V-12a) to
compute the value of (dt/dx)I at point Q. A line with the slope -
(dt/dx)x is tentatively passed through point Q.
(ii) The values of U and h at point R are used in equation (V-12b) to com-
pute the value of (dt/dx)II at pdint R. A line with the slope (dt/

dx)II is tentatively passed through point R. The intersection with
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_the line drawn in step (i) provides the first estimation of x, and
to. _
(ifi) With GPQ and GPR evaTuatéd at points Q and R as they apply, and using
.the value of Xp obtained in step (ii), the first estimation of UP and

“hp can be determined by solving sfmu]tanedusly equations (V-lS);

(iv) An iteration procedure is used to evaluate Xp s tP and UP’ hé more ac-
curately. Starting with the tentative locations found previously, the
1ocation of point P is found more éccurately by drawing the lines
through poihfs Q and R with slopes corresponding to the mean conditions
between points P and Q, and between points P and R, respectively.
Likewise, the values of UP and hP are found more,accuratg]y by evalu-
ating GPQ and GPR with their respective mean conditions between the re-
spective points. The iteration is continued until satifactory con-

~vergence (given in Appendix-1V) has been attained.
With the initial data line divided into a suitable number of discrete points,
the intersections of the respective -alternating I and II characteristics of
these points are determined in the above fashion. The entire flow pattern in
terms of ve1ocity.and thickness distribution is therefore established.

A detailed computation algorithm for this one-dimensional boi]ing/spreading

model is given in Appendix-Iy.

Solution for the Ca;e Without Boiling

“With m = 0, the case is identical to the system of non-volatile liquids
spreading on water. The numerical solutions of equation (V-1) and (V-2) by the
method of_characteristics are compared to the analytical solution of Hoult(1972a)
in Figures V-3 and V-4, using the same value of % = .1.64 in the leading-edge
boundary conditions. x and t are normalized using a characteristic length Xg

taken as the length of the spill apparatus, and a characteristic time te’ which
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is related to Xo by the following expression:

| | 7 172 | |
t, = [xe3' (%) ] (v-18)

where 'V is the volume spil1ed. The solutions from these two methods are essen-
tially identical.

Solution for the Case with a Constant Boiling Rate Per Unit Area

Assuming ﬁ_is a constant, the thickness profi1e of thérliquid and the
spreading front path‘in dimensionless form are shown in Figures V-5 and V-6.
The explanation of'chafacteristic length and time is given in Appendix-IV. In
Figure V—5.pne can see that the spreading front is thicker but thins out in the
tail. This shape is similar to that observed in the case of non-volatile fiquid
spi]]s; As the cryogénic ]iqufd continues to evaporate, the tail becomes cry-
ogen-free and a trai]iﬁg edge appears and moves towards spreading front. The
numerical model also predicts the trailing-edge path, as seen in Figure V-6.
The intersection of the spreading-front path and trailing-edge path determines
the values for the maximum spreading distance and the time for complete
“vaporization. |

Figure V-6 also presents_the prediction of.the spreading-front path by Raj's
(1977) one-dimensional boiling-spreading model (equation (II-41)). Raj's analy-
sis does not predfct the trailing-edge path. The numerical model predicts lar-
ger values of the maximum spreading distance and the time for complete vaporiza-

tion than Raj's model.

C. ESTIMATION OF THE EFFECTIVE DENSITY.OF CRYOGENIC LIQUIDS SPREADING ON

WATER
When a cryogenic liquid spills on an unconfined water surface, boiling and

spreading occur simultaneously. Bubbles form at the 1iquid cryogen-water in-
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PATHS OF THE LEADING AND TRAILING EDGES
PREDICTED BY THE NUMERICAL MODEL FOR THE
CASE OF CONSTANT KHEAT FLUX. THE CORRES-
CNDING PREDICTION FROM RAJ'S MODEL ALSO
SHOWN.
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terface and rise through the cryogen layer toward the upper surface. The

bubbles of the evaboratea cryogen reduce the effective density of liquid cryo-

gen layer and increase its height. The effect of bubb]es on the spreading

rate is described below, assuming a constant boil-off rate per unit area. For

the case of propane an avefagéboi]ihg rate is used to estimate the bubble effect

on the density of 1iquid peopane. | |
& is a constant heat flux through the cryogen-water interface. .The vapor

flux of the evaporated cryogen can be estimated from the equation of state:

Vs (g & (en’fanls) (v-17)
where _é = constant heat flux, J/cmz-s

H, = heat of vaporization of cryogen, J/g

M = molecular weight of cryogen, ¢/mole

= compressibi]ity factor

= uhiversa] gas constant, 82.05 cm3-atm/mo}e-x

= temperature, K

v -« o N
|

= pressure, atm

The velocity with which bubbles rise through a liquid is determined prin-
‘cipally by the buoyancy force that drives the bubble upwards, and the viscous
~and form drag forces that tend to retard this motion. When the opposite-direc-
tional forces are equal, the bubble rises with a constant velocity.

Much theoretical work has beén done on the rising velocity and shape of
(insoluble)gas bubbles in liquids, and, in most cases, theory is well §upported
,_by_experimenta}_data. In general, small bubbles (below 0.2cm in diamefer) be-
have 1ike rigid spheres and rise through a 1fqﬁid at terminal-veiocitiesVthatu
place them in the laminar-flow region. Their rising velocity may therefore be

calculated from Stoke's law (Haberman and Morton, 1953). For diameters larger
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- than 0.2 cm the shape of the bubbles may vary from spherical to ellipsoidal.

For diameters greater than 2 cm bubbles become lens-shaped and their ve]oci@y
can be ca1cu1ated with a reasonable degree df accurécy by using the Davis-and.
Taylor correlation (1950). In this range of bubble sizes, the terminal velocity
is independent of the properties of the liquid. The rising velocity in thin
liquids fof the size range 0.1 cm < db < 2 cm, has been reported between 20 énd
30 cm/sec (Haberman and Morton, 1953; Davenport, Richardson, and Bradshaw, |
1967).

Theré are no experimental data reported in the literature concerning the
rising velocity of'cryogen bubbles thrbugh cryogenic liquids. The bubble rising
velocities for different cryogens are estimated with correlations obtained for
- other systems. | | |

By assuming that bubbles rise at an average velocity Uav’ the residence
time, tR’ of bubbles in the cryogen layer, h, is

= _h : : ‘
tp = ﬁ;; i (v-18)
The effective density of the 1iquid cryogen, Pes which includes the bubble

effect, is expressed by the following mass-balance equation:

o Yty Yy

e Vt

) (v-19)

where;t, VL'and Py Vv are_the densities and volumes of cryogen liquid and bubbles
respectively.

Substituting V_ = V, - Vy into equation (V-19), one obtains
. v v ' vV
Po = PL - (V%) pL ¥ (V%)jf/= oy (1- V% ) (v-20)

Because the bubble density is very small relative to the 1iquid densitites,
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V. -
the term, (Vl) py,Can be neglected. Furthermore, the volume of the bubbles in
‘ t

the cryogen layer can be expressed by

-
1]

yT VA C o (v-21)
and the total volume is

hA - (v-22)

-
fl

where A is the area covered by cryogen.’ _
Substitution of equations (V-21) and (V-22) into equation (V-20), the fi-
nal formwhich expresses the effective density as a function of the boil-off rate

and the rising velocity of the bubbles is:

=5, (1- U:L;) | (v-23)

Pe

In the development of the numerical model menticned previously, the effec-
tive density evaluated by equation (V-23) is used instead of the density of the
cryogenic liquid at its normal boiling point. 7

In Valencia's (1978) work, actual bubble sizes were measured for boiling
methane and ethane on water in a confined system. The vapor bubbles of methane

is roughly 0.3 - 0.5 cm in diameter. For ethane, the bubbles have a bimodal
size distribution. Large bubbles, 0.5~ 1.0 cm in diameter, form initially.
Latgr in the test the formation of the small bubbles {- 0.2 cm) becomes predom-
inant. | |

For propane (or LGP) system in the present work, a 1 cm bubble diametef
was assumed. During propéne and LPG spill experiments, observations near the
distributor indicated the bubble diameters in the order of 1 cm.

Van Krevelen and Hoftijzer's (1956) work as reviewed in Szekeley and
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Themelis's book (1971) shows that the bubble rising velocity is related tothe
bubble diameter. For 1 cm diameter LPG bubbles the rising velocity is

26 cm/sec which is estimated from the system with air rising in water. This
is consistent with the findings of Haberman and Morton (1953) and Davenport et al.
(1967). Their observation shows that the rising ve]ocity in thin 1iquids %or
bubble sizes between 0.1 and 2 cm is between 20 and 30 cm/sec, more or less in-
dependent of the liquid system used. Van Krevelen and Hoftijzer's work also
shows that the rising velocity is insensitive to bubble size for air-water sys-
tem in the range of 0.2 - 0.7 cm. Consequently the exact knowledge of the bub-
ble size within this range is not essential. A rising velocity of 24 cm/sec
was assumed for methane and nitrogen bubbles (the size of mitrogen bubbles is

slightly smaller than that of methans bubbles).
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VI. EXPERIMENTAL RESULTS

Previous studies on the boiling of LPG on water have been conducted fn
confined areas without'spreading.' Rarely would one expett an.industrial spi]j
of LNG or LPG to occur in a confined area. The more likely case would involve .
simu]téneous boiling and spreading. However, very few experiments have been
made to determine such fates for any volatile cryogen. Until now, the analyses
have been aihost completely theoretical and assume that the boiling rate per
unit area is independent of time. No»déta>exists to justify this assertion.
it ié the purpose of the present vork to obtain a better understanding.of the
boiling-spreading pheﬁomena for cryogens spilled on water.

 The eqﬁipment and procedure described in Chapter III were used to carry
out experiments. Several pentane spills have been made to study tﬁe spreadihg‘
of a non-volatile 1{quid on water. Pure cryogens of nitrcgen, methane and pro-
- pane viere spilled on water to study the effect of beciling on the spreading
process. Similarly, tests were conducted with binary mixtures of ethane-pro-
pane and propane-n-butane and with ternary mixtures of ethane-propane;g;butane.
Finally, the effect of the area of the distributor opening on LPG spills was

examined.

A. SPREADING OF NON-VOLATILE LIQUIDS ON WATER

As mentioned in the previous chapter, in order to determine the value
of.l in the leading-edge boﬁndafy condition, equation (V-3), several pentane
spills were made to evaluate XA experimentally. The experimental conditions
for pentane spills are given in Table VI-1.

Pentane was chilled with liquid nitrogen to approximately 230K. This
ensured an adequate response from the liquid-thermocouples in the wafer trough.

Figure VI-1 is a photograph of the leading edge of pentane early in the
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TABLE VI-1

Experimental Conditions for Pentane Spills .

Test Volume Spilled Cross-Sectional Area of
(1iter) Distributor Opening (cm?)
1120A 0.5 48.4
11208 0.5 48.4
1119A 1.0 48.4
1121A 1.0 48.4
1121B 1.0 48.4
11268 1.5 48.4
1127A 1.5 48.4
1128C 1.5 48.4
1206A 2.0 43.4
60309 2.0 48.4
- 1205A 3.0 48.4



-157-

Y3ILVYM NO 9NIQVI¥LS 3NVIN3Id 40 HIVYYOOLOHd VY

-
~

Sl=1A 3YN913




-158-

spreading. The pentane is spreading from left to right and the water was dyed
with a red color. As observed in Figure VI-1, pentane is thicker near the
spreading front and becomes thinner in the tail. The general shape is consis-
tent'with Hoult's (1972a) theoretical prediction of the thickness profile in
the gravity-inertia regime (see Figure II-12).

As the pentane spreads further doﬁnstfeam,fif becomes thinner and thinner.
The viscous_drag then dominates as the retarding forcé and the-spreading front .
is no longer thicker than the tail, |

The experiments show that the early spreading of pentﬁhe on water agrees
well with the prediction from the theoretical model of one-dimensional spreading
developed by Hou]t (1972a). Figure VI;Z_presentS the experiméntal results for
pentane spif]s of various volumes. The data show the dimensionless spreading
distance is proportional to the dimensicnless time raised to the two-third
_ pbwer. The intercept value is equal to 1.72 and this is the value taken as
the coéfficient n in eéuation (11-9). Substituting into eguation (II-10),
the value of ) is obtained and equal to 1.64. These values of X and n are
slightly different from those obtained-by Suchon (1970), 1.6 and 1.40 resbéc—'-
tively. T;is may be due to the different geometry of the spill apparatus used.
A and n are therefore considered to be functions'of the geometry of the spill
_apparétus and the values obtained here will be applied to the modeling analy-
sis of all cryogen spills in this study. In Figure VI-3, experimental values
and the theoretical predictions are cdmpared for pentane spills. Except the
end‘points where pentane spreading has a transition into the gravity-viscous
regime, the agreement between theory and experiment is vény good.

Hoult's correlation was developed for the ideal assumption of an instan-
taneous spill. Because the data for pentane spills agrees very well with the
correlation, it is assumed that the experimental distributor's performance

closely approaches an instantaneous spill for the largest side port opening
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(48.4 cmz). This opening is used for all cryogen spills (descriptions follow)

except in the case of propane where its size is varied.

B. BOILING AND SPREADING OF CRYOGENS ON WATER

For cryogens spilled on water in an unconfined area, boiling and
spfeading occur simultaneously. The movement of the spreading front was reQ
cordedlwith.thermocouples by the Real Time Computer. With all the necessary
measUrements‘from experiments, the local boil-off rate as a function of time

'were estimated by the data analysis s;hehe'described in Chapter IV.

Liquid Nitrogen

‘Safety considerations dictated that initial equipment tests be made
with liquid nftrogen because of its non-flammability. Six spills of nitrogen
were performed. The experimental conditions for these tests are given in
Tab]e‘VI-Z. |

| The spreading distance as a function of time for nitrogen spills are
given in Figures VI-4 and VI-5. Figure VI-4 also demonstrates good reproduc-
ibility in the experiments. Thé length of the spill apparatus aliows the
measurement of maximum spreading distance only for 0.5 - and 1.0 - liter nitro-
gen spills. The values of ihe maximum spreading distance are given in Table
VI-3. |
Figure VI-6 is a photograph of the simultaneous boiling and spreadihg of

- liquid nitrogen on water. Liquid nitrogen is spreading from left to right.
Again the general shape is the same as that observed in the pentane spills: a
thicker'spreading front followed by a thinner tai].. Viewed from above the
spreading front is perpendicular to the direction of the flow. This general
shape persists until almost the end of the spreading phenomena when liquidk
nitrogen no longer uniformly covers the water surface. !

During the spreading, many bubbles form at the 1iquid nitrogen - water
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TABLE VI-2
Experimental Conditions for Nitrogen Spills

Test Volume Spilled | Cross-Sectional Area of

(Titer) Distributor Opening (cm?)
12118 0.5 48.4
1211F 1.0 48.4
61201 1.0 48.4
1211G 1.5 T 48.4
1210B 2.0 : 48.4

1207A 2.0 48.4
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TABLE VI-3
Maximum Spreading Distance for Nitrogen Spills

Test Volume Spilled Maximum Spreading Distance

(1iter) {cm)
12118 0.5 226
1211F 1.0 315

61201 1.0 o 305
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A PHOTOGRAPH OF LIQUID NITROGEN SPREADING ON WATER

FIGURE VI=-6:
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interface and cause sever agitation. A layer of ice uniformly forms on the -
water surface downstream of the cryogen distributor. In the vicinity of the
distributor, no ice formation has been observed. It was noted that, in the
experiment w%th 1iquid nitrogen, the water immediately adjacent to the distri-
butor becomes 1iquid nitrogen free very soon after the spreading front has

~ passed.

Liquid Methane

Fivé spills of methane on water were conducted with George Dainis
as a part of his M.S. Thesis. The experiﬁeﬁtai conditions are given in Table
VI-4. Figures VI-7 and VI-8 present the spreading data versus time for methane
spills. Table VI-5 gives the valuss of maximum spreading distance for small
quantity spills.

Liquid methane spreads similar to liquid nitrogen,‘but faster than nitro-
gen for the same initiél spilled volume. A photograph of the spreading front
of methane is shown in Figure VI-9. Again the spreading front is thicker and
the mgthane Tayer thins out in the tail. Ice forms sooner on the water surface
for methane spills than for spills of liquid nitrogen. The upper surface of
the ice layer is uniform but the under side is irregularly shaped and suggestive
of closely packed ping-pong balls. The ice also has a milky color, different
from the transparent form found in nitrogen spills. The bubbles formed were
somevhat larger than that noted for nitrogen spills and no foam was observed.

. A test (number 72401) was conducted with certified purity grade methane
(minimum purity, 99. mole%). The results essentially overlap with those from
a test (number 71101) made witﬁ ultra high purity grade methane (minimum purity
99.97 mole %), shown in Figure VI-7. This comparison indicates the effect of
impurities present in the certified purity grade methane on the spreading of

methane on water is not significant.
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TABLE vI-4

Experimental Conditions for Methane Spills

Volume Spilled

Test Methane Purity Cross-Sectional Area of
' (liter) (mole %) Distributor Opening (cmé)
70201 0.5 99,97 48.4
70901 0.75 99,97 48.4
71101 1.0 99.97 48.4
72401 1.0 9.0 48.4
72201 2.0 99:0

48.4
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TABLE VI-5

Maximum Spreading Distance for Methane Spills

Test Volume Spilled Maximum Spreading Distance

(liter) {cm)
70201 0.5 229
70901 0.75 279
71101 1.0 | 317

72401 1.0 317
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Liquid Propane

Twenty spills of propane on water were made. Experimental conditions
for fhese tests are given in Table VI-6. The spreading distance as a function
of time is shown in Figures VI-10 through VI-15. Upon contacting the water,
propane boils very rapidly and violently. Ice forms almost immediately on the
water surface. Within a few seconds, the boiling rates drop to considerably
lower values as seen in Figures VI-16 through VI-31. *

The initial violent boiling of propane causes considerable churning of
the water. As water contacts the bulk of liquid prbpane it freezes in a very
irregular fashion. This is shown in Figure VI-32. Once irregular ice covers
the water surface, the interaction beccmes less vigorous and propane continues
to boil 6n thersurface of the ice.

The ice forméd is opaque and somewhat yellowish in color. The rough icé>
sheet traps liquid propane and forms a dam which hinders the propane spreading.
As the propaqe_cqntinues to vaporize, the bubbling crycgen eventually rises
over the'“ice dam" and continues to spread. The discontinuities observed in
Figures VI-11, VI-12 and VI-15 are whére the "ice dams" form.. However, the
exact iocation of the "ice dam" is not predictable. | |

The maximum spreading distance for a propane sbil] is much smaller than
that for a nitrogen or methane spill of the same volume. Table VI-7 presents
the values of maximum spreading distance for thirteen propane spills.

As the propane reaches its maximum spreading distance during the experi-
ment, there is some portion of liquid propane trapped in the "puddles” on the
ice layer which continues to boil on the jce surface. Considerable amount of
_ Propane remains near the cryogen distributor. The ice layer first melts down-
stream and, as the local propane continues to boil away, the ice melts and the
ice front recedes toward the distributor.

Furthermore, late in the spreading experiments, liquid propane occasion-
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TABLE VI-6

Experimental Conditions for Propane Spills

Test Volume Spilled Cross-Sectional Area of
(liter) Distributor Opening {cm)
62301 0.5 48.4
70801 0.5 48.4
1014G 0.5 48.4
1015G 0.5 48.4
62401 0.75 48.4
10166 0.75 48.4
10196 0.75 48.4
62801 1.0 48.4
80501 1.0 48.4
80601 1.0 48.4
71401 1.5 48.4
71601 1.5 43.4
1017G 1.5 £3.4
1018G 1.5 48.4
1021G 1.5 48.4
82102 2.0 48.4
1020G 2.0 48.4
70301 3.0 48.4
1023G 1.0 19.4
1027G 2.0 19.4
10286 3.0 19.4
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A PHOTOGRAPH OF LIQUID PROPANE SPREADING ON WATER

FIGURE VI=32
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TABLE VI-7

Maximum Spreading Distance for Propane Spills

Test Volume Spilled Maximum Spreading Distance
(liter) (cm)
62301 0.5 | 63
70801 » 0.5 _ 68
62401 0.75
1019G 0.75 91
80501 1.0 : 104
80601 1.0 112
*1023G 10. 112
71401 1.5 150
10176 1.5 142
1020G 2.0 163
*1027G 2.0 155
70301 3.0 163
*1028G 3.0 163

*Propane spilled through small distributor opening
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ally spreads under the ice crust. This propane vaporizes and forms cracks in
the weak portions of the ice layer -and literally elevates sections of the ice.
This phenomenon produced an increase in the boiling rate as indicated in Fig-
ures VI-20 and VI-22.

Figures VI-12, VI-14 and VI-15 show that spills with a smaller distri-
bufor opening produce faster spreading rates than spills with the standard
rsized opening. However, the maximum spreading distances of the spills with
the smaller opening are the same as those obtained from spills with the standard
sized opening, as seen in Table VI-7. No discontinuity is observed in the
spreading curves from spills with the smaller opening.

Ethane-Propane Mixtures

Two spills of ethane-propane mixtures on water were performed. The
experimental conditons are given in Teble VI-B. The spreading data are presented
in Figure VI-33. Again the discontinuity due to "ice dam" formation is observed.
The boiling rate as a function of time is shown in Figures VI-34 and VI-35. The
initial boil-off rate is very high and then decreases very rapidly. Figures
VI-36 and VI-37 show the vapor composition as a function of time at the first
sampling station. v |

The ice forms very quickly and is non-uniform in shape, simiiar to the
case of a pure propane spill. | | |

Propane-n-Butane Mixtures

One spill of a propane-n-butane mixture on water was made. The
experimental condition is given in Table VI-8. The spreading curve as a func-
tion of time is shown in Figure VI-38. Again the discontinuity is observed.
Vigorous boiling immediately results from the cryogen contacting the water.
Rough ice forms quickly on the water surface, after which the boiling proceeds

in a calmer manner. Figures VI-39 and VI-40 show the boiling rate curves for
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TABLE VI-8

Experimental Conditions for LPG Mixtures

Test Composition Volume Spilled Cross-Sectional Area of2
(mole %) (liter) Distributor Opening {cm®)
72901 Ethane 13.0 1.0 48.4
Propane 87.0
73101 ~ Ethane 4.5 1.0 48.4
Propane 95.5
80101 Propane 95.0 1.0 48.4
n-Butane 5.0
80401 Ethane 1.05 1.0 48.4

Propane 84.0
n-Butane 5.5
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‘the propane-n-butane spill. The vapor mole fraction of n- butane is seen to
be very small (see Figure VI-41).

‘Ethane-Propane-n-Butane Mixtures

One Spi]] of a ternary mixture on water was made. The experimental
condition is given in Table VI-8. The spreading and boiling raté curves for
this test are given in Figures VI-42 ihrough VI-24. As in the case of pure pro-
" pane, the cryogen mixture boils rapidly and violently when the water is ini-
tfa]]y contacted. Irregular ice forms quickly on the water surface. Once
this‘rough ice covers the water surface, boiling becomes smooth in an unevent-
ful fashion. Occasionally, cnyogén spreads beneath the ice, evaporates and
erupts through weak areas in the ice. A photograph of the LPG mixture spreading
on water is given in Figure VI-45. A thick and rough ice layer is noted. The
cohbosition of the mixture in the vapor phase as a function of time is shown in
Figure VI-46. The mole fraction of ethane decreases with time and n-butane
remains at a Qéry Tow concentration. Table VI-9 gives the maximum spreading

distances from the spills of four mixtures which model LPG.
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A PHOTOGRAPH OF LPG SPREADING ON WATER

FIGURE VI=45:
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TABLE VI-9

Maximum Spreading Distance for LPG Mixtures

Test Composition Yolume Spilled Maximum Spreading
{(mole &) (1iter) Distance (cm)
72901 Ethane 13.0 1.0 104
Propane 87.0
73101 "Ethane 4.5 1.0 112
' Propane 95.5
80101 Propane 95.0 1.0 112
n-Butane 5.0
80401 = Ethane 10.5 1.0 112
Propane 84.0
n-Butane 5.5
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VII. DISCUSSION

in this_chapter, the results of cryogen spills for various compositions
and experimental conditions are discussed. Predictions from the model devel-
oped in Chapter V are compared with the experimental results. Previous models
from the literature, related to the present work, are also discussed.

Liquid Nitrogen

For nitrogen spills, it was noted that a thin layer of ice formed on the
water surface downstream of the cryogen distributor. Initially film boiling
occurs because of the large temperature difference between liquid nitrogen and
water. As the surface temperature of water decreases and patches of ice form
and become subcooled, the ice surface initiates nucleate boiling. No ice form-
ation has'been observed in the vincinity of the distributor. This may be due
to the severe agitation of the water near the distributor opening. Another
possible explanation is that the thin tail of the spreading cryogen evaporates
quickly and the cooling effect is not sufficient for ice formation.

Spreading nitrogen exhibits a characteristic profile: the cryogen has a
thicker spreading front followed by a tail thinﬁing toward the distributor.
This observation agrees with the assumption that 1iquid nitrogen spreads in
the gravity-inertia regime.

In Figure VII-1, the spreading distance is shown as a function of time for
1iqyid nitrogen and pentane spills of the same initial volume. The results
essentially overlap. Liquid nitrogen has a higher density than pentane. If
no evaporation occurs when nitrogen spreads on water, Hoult's (1972a) theory
(equation (I1I-9)) for oil spills could be applied and would predict that liquid
nitrogen should spread slower than pentane. Actually liquid nitrogen does va-

porize when it spreads and therefore its volume decreases with time. The same
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correlation would therefore predict that 1iquid nitrogen should spread even

more slowly than pentane. This was not observed. A possible reason is that
bubbles of evéporated nitrogen alter the effective density of the Tiquid ni-
trogen layer. The effective density is less thén the original density and

the bubbles further increase the volume of the nitrogen layer. This may ex-
'piain the larger-than-expected 1iquid nitrogen spreading rates.

A procedure_that estimateé the bubble effect on the cryogen density is
given'in Chaptér V. The numerical model developed in Chapter V for a one-
dimensional boi]ing)spreading process has éccounted for the bubble effect.

In Figures VII-2 and VII-3, the experimental spreading data for liquid
nitrogen spills and the corresponding predictions of the numerical model are
compared; the boil-off rate of nitrogen is assumed constant and equal to 40
kW/mz. This is an average value of the 26 to 60 kw/m2 range reported in the
literature. The effeétive density of nitrogen is calculated using equation
(v-23) and the estimated value of the bubble rising velocity was chosen as
24 cm/sec. The effective density of the nitrogen layer is then determined to
be 0.66 g/cm3 which is used in the numerical model for spreading distance pre-
dictions. The true density of liquid nitrogen at its boiling point (77K) is
0.8 g/cm3. Good agreement is observed between the experimental data and the
predicted values, as seen in Figures VII-2 and VII-3.

The numerical model also gives predictions of the thickness profile of
cryogen during the boi]ihg-spreading process. No thickness measurements of the
profile were made during any cryoged spills. However, the thickness within the
spreading front predicted by the numerical model, shown in Figure V-5, agrees
qualitatively with the experimental observations_pf the thickness profile, that
is, the leading edge is thicker than the tail. |

As nitrogen evaporates during the spreading process, a trailing edge
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appears where the cryogen has completely evaporated. This edge starts at the
distributor and moves downstream. The numerical model can also predict the
trai]ing—edge-path,as seen in Figure VII-4. The intersection of the leading
edge and trailing edge determines the maximum spreading distance and the time
for complete véporization of nitrogen spilled on water.

Table VII-1 shows that the numerical model gives reasonable predictions |
of the maximum spreading distance for nitrogen spills. No experimental meaéure-
ment of the trailing edge position profile has been made. Theoreticé] predic-
tions of the time for complete vaporizatign with.various initial volumes of
nitrogen spills are also given in Table VII-1.

One previous model which describes the Simu]taneous.boi]ingrand spreading
process for a one-dimensional configuration was developed by Raj (1977). A
detailed description of Raj's model was given in Chapter II (equation (II-41)).
According to Raj's model, using the assumption that the boiling rate per unit area
is constant, the spreading distance is predicted to be the following functibn. |
of time: |

oy W2\3 /3 '
x = 1.39 (g_'i_.‘f?_i_> + 0.097 (pAgv) [(gA‘)IZ wt7] ' (11-41)

W 0

Predictions from this equation are compared to experimental data for ni-
~ trogen spills in Figure VII-5. Raj's model underestimates the spreading diﬁ-
tance. When the effective density is uéed instead of the original density of
liquid nitrogen in equation (II-41), Raj's model predicts spreading distances
which are closer to those measured experimentally, as shown in Figure VII-6.
However, in.Raj's analysis, he used the leading-edge boundary condition
(equation (V-3)) with A equal to 1. If the same value of X obtained from this

work, 1.64, is used in Raj's model, one obtains
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13 | |

2 1/3

gA V t . : ( A) Wt7.l .

=1.72 (___9___> + 0.078 (—3-) |39 (VII-1)
w poH, VO

Predictions from equation (VII-1), using both the normal density and the
éffective density of liquid nitrogen, are compared to experimental values in
Figure VII-7. Neither version of equation (VII-1) predicts the spreading front
position»aécurately. Furthermore, Raj's model assumes that the thickness of
cryogen is uniform'during the spreading; i.e., the cryogen thickness is on]yla
functfon of time but independent. of position. Experimental observations do not
support this mean thickness approximatioﬁ.

The close agreement between the experimental data and the theoretical
predictions, using an assumed constant heat flux for nitrogen, proves the v;]i-
dity of the assumption. It is conc]uded that the numerical model successfully
describes the boiling- spread1ng phenowcna for nitrogen spills on water.

- L1qu1d Methane

The boiling-spreading process for liquid methane on water is very simi]ar
to that of liquid nitrogen except that methane evaporates more rapidly than
nitrogeﬁ. No boiling rate data have been obtained from. these experiﬁents. In
the simulations, as in the case of nitrogen, the boil-off rate per unit area
is assumed consiant but equal to 92 kw/mz; this value is obtained from previous
work (Burgess et al. (1970)) and is consistent with values used in most of the
other theoretical modelling work. The effective density of liquid methane is
estimated through a procedure_simi]ar to nitrogen. The value of methane's ef-
fective density is estimated to be 0.254 g/cm3 (the normal density of liquid
methane at 111K is 0.425 g/cm3).

Numerical predictions for the spreading front path of methane on a water
surface are compared to experimental data in Fiqures VII-8 and VII-9. The

agreement between the model and experiment is very good.



SPREADING DISTANCE(cm)

-228-

400 | T T I T T T v
/
/
/
A 1210A (2.0 LITERS) /S
/ A
/ A
300 _
200} -

—————— MODIFIED RAJ'S MODEL
———=— WITH x DETERMINED
EXPERIMENTALLY (egn.{ V-3)

S

o, 08 g/cm3

100~ _ 3 7
T '_'peffective‘_ 0.66g/cm
/
0[' | | 1 A ! 1 1 _
0 2 4 6 8 10 12 14 16

FIGURE VII-7:

TIME(s)

SPREADING DISTANCE AS A FUNCTION OF TIME
FOR A LIQUID NITROGEN SPILL. EXPERIMEN-
TAL DATA AND PREDICTIONS FROM MODIFIED
RAJ'S MODEL COMPARED.



DISTANCE (cm)

~
7

NORTACTHC

.

(%4

-229-

400
) l a | l l | T
THEORETICAL FREDICTION
Q----- 70201(0.5 LITER)
Ao THISI(1.0 LITE®)
322 — A==~ 7222101.0 LITER) & ]
/ A
A
A
A (- ]
200— —
A
(<]
1cC ham
c/ | l | l I {
0 2 4 € & 10 12 4
TINE(s)

FIGURE V11-8: SPREADING CURVES FOR LIQUID METHAME
SPILLS. EXPERIMENTAL DATA AND Nuv&-
RICAL FREDICTIONS COMPARED.



DISTANCE (cm)

SPREADING

-230-

FICURE VI1-G:

e | l I ! 1 | T
— THCLZRETICAL FREDICTION
300 _
e
200 |
o
A
ele 70%21(3.75 LITE™) _
=3
/  — 72221(2.0 LITEXS)
7
°
o | | | ] i | |
C 2 2 6 8 15 17 1z
TIME(s)

SFREATING CURVES FOR LIQUID METHANE SPILLS.

EXFERIMENTAL DATA AND “LWZRICAL PREDICTIONS

CCLPARED.



-231-

Liquid methane exhibits a thickness profile similar to that for liquid
nitrogen during spreading. The theoretical prediction of the thickness pro-
file (a thick spreading front followed by a thinner tail) is shown in Figure
V-5, 'This is consistént Qith observations from experiments. |

The values of the maximum spreading distance and the_time for complete
vaporizatibn predicted by the numerical model‘for methane spills are presented
in Table VII-2 for various initial spilled volumes. A satisfactory agreement
between theory and éxperiment is observed.

In ngures VII-10 and VII-11, predictions of the spreading-front path
from Raj's model (equation (II1-41)) and equation {VII-1), using both the normal
liquid density and the effective density of methane, are ccmpared to experiment-
al data. Raj's model does not adequately describe the boiling-épreading pheno-
mena for methane spills. A

The numerical model using a constant heat flux assumption accurately de-
scribés the boiling-spreading process for methane spills. OCne can conclude
that the asSumption of constant boil-off rate per unit area is valid and the
‘numerical model is adequaté fof simulating methane spills (at least for the
volumes spi!léd in this study).

Propane and LPG Mixtures

When propane or LPG is spiiled on water, vio]ent’boiling occurs immediately
upon contact. In the first second or two very high boiling heat fluxes are
observed. Since the water surface near the distributor opening is severely
agitated during this period, it is vefy difficult to define the true area of
contact between cryogen and water. Qualitatively, agitation of the interface
increases with the quantity of cryogen spilled. Therefore, it is not possible
to obtain reliable quantitative values of heat fluxes in this violent initial
boiling period. It is thought that the values of the heat flux should be sim-

ilar to those expected in a peak nucleate flux region (see Chapter II).
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About one second after the propane or LPG contacts the water, a very rough
ice layer forms. After this point, the heat transfer is controlled by tﬁe con-
duction through the ice and water; the boiling rate decreases further witb time
as the ice shield grows thicker. During this stage the local vaporization can
be reasonably well described by a moving-boundary heat-transfer model developed
for confined LPG spills. A detailed descriptidn of this model is given in
" Appendix-I. The model ieads to the conclusion that the local heat flux is in-
versely proportional to the square root of corrected time tc_:

i

6, = et M2 (xwn) - (VI1-2)
1 : .

where tc is defined as :
' i

e is a function of the physical properties Qf ice and is evaluated at an average
temperature between the freezing point and the LPG boiling point. t6 is a time
associated with the initial ill-defined boiling phase. ti is the time elasped
after the initial contact of water with cryogen ét a'position X; where the heat
flux is Q%.

The value of t6 is set equal to one second. This time was determined from
an analysis of high speed motion picture photographs taken during many propane
and LPG spills

Predictions from-equétion (VII-2) are compared with experimental data in
Figures.VIlé]Z through VII-27 for propane and LPG spills. The moving boundary
model and experiments agree reasonably well for the first sampling station.

Note that most of the values of the heat fluxes obtained from the second and

third stations are below those predicted by the moving boundary model. The
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FIGURE VI11-17:

LOCAL BOIL-OFF RATE CURVES FOR PROPANE AND

LPG SPILLS AT THE SECOND SAMPLING STATION.

EXPERIMENTAL DATA COMPARED WITH PREDICTIONS
FROM MOVING BCUNDARY MODEL.
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FIGURE VII-18: LOCAL BOIL-OFF RATE CURVES FOR 1.5-
LITER PROPANE SPILLS AT THE FIRST
SAMPLING STATION. EXPERIMENTAL DATA
COMPARED WITH PREDICTIONS FROM MOVING
BOUNDARY MODEL.
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FIGURE VII-19:

LOCAL BOIL-OFF RATE CURVES FOR 1.5-
LITER PROPANE SPILLS AT THE SECOND
SAMPLING STATION. EXPERIMENTAL DATA
COMPARED WITH PREDICTIONS FROM MOVING
BOUNDARY MODEL.
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FIGURE VII-20:

LOCAL BOIL-OFF RATE CURVES FOR 1.5-
LITER PROPANE SPILLS AT THE THIRD
SAMPLING STATION. EXPERIMENTAL DATA
COMPARED WITH PREDICTIONS FROM MOVING
BOUNDARY MODEL.
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FIGURE VII-23: LOCAL BOIL-OFF RATE CURVES FOR A 1.0-

LITER PROPANE SPILL(SMALL DISTRIBUTOR
OPENING) AT THE FIRST SAMPLING STATION.
EXPERIMENTAL DATA COMPARED WITH PREDIC-
TIONS FROM MOVING BOUNDARY MODEL.
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FIGURE VII-24: LOCAL BOIL-OFF RATE CURVES FOR A 1.0-
LITER PROPANE SPILL(SMALL DISTRIBUTOR
OPENING) AT THE SECOND SAMPLING STATION.
EXPERIMENTAL DATA COMPARED WITH PREDIC-
TIONS FROM MOVING BOUNDARY MODEL.
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LITER PROPANE SPILL({SMALL DISTRIBUTOR
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FIGURE VII-26: LOCAL BOIL-OFF RATE CURVES FOR A 2.0-
LITER PROPANE SPILL(SMALL DISTRIBUTOR
OPENING) AT THE SECOND SAMPLING STA-
TION. EXPERIMENTAL DATA COMPARED WITH
PREDICTIONS FROM MOVING BOUNDARY MODEL.
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explanation for this is that propane or LPG initially evaporates very fast and
there is not enough cryogen to cover evenly the entire surface area between
sampling stations during the period when vapor samples are collected. The
value of Q estimated by the data analysis scheme described in Chapter Iv_is
the average heat flux between two neighboring samples stations.

In Figures VII-16 and VII-17, heat fluxes for LPG of various compositions
aré compared.. There is essentially no effect from the addition of small
quantitiés of ethane or n-butane torpropane on the heat flux curves. This is
consistent witﬁ the conclusion obtained from LPG spills on confined water sur-
faces, that impurities do not affect the béiiing rate of LPG on water.

The numerical model developed in Chapter V can be used to simulate the
boi]ing-spread%ng process for LPG, except the a§sumption of constant boiling
rate per unit area can no longer be made. Instead, the boiling rate is allowed

to change with the time according to the following equation:

Q; = ¢ 0<ty<l.0sec (VII-3)

-1/2

]

t. > 1.0 sec

e (t. i

Qi i~ tO)

where 6i is in kh'/m2 and

]

t

. 2
o= ts - (;;) (s)

Equation (VII-3) attempts to account for the high evaporation rate, €y ob-
served in the first second of contact between water and cryogen where the initial
contact area is ill-defined. The value of € is selected to be 103 kw/mz, |
which is about Ehe same as the average value of the heat fluxes experimentally

obtained from various propane and LPG spills during the first second after LPG



~253-

contacts the water surface. _

The effective density of propane (LPG) is estimated using an average eva-
poration rate (per unit area) for thé first 13 seconds after LPG contacts the
water. This value is found to be 0.3 g/cm (the normal density of propane at
its boiling point (231 K) is 0.582 g/cm’).

‘The predicted spreading distance as a function of time is compared with
experimental data in Figures-VII—ZS througﬂ VII-32. MNote that in these figures
propane and LPG seem to spread at a constant rate. The numerical model does not
accurate]y predict the spreading front pos1t1on The highly irregular ice
formed in propane and LPG spills is very difficult to characterize, and its
effect on hindering the spreading of cryogen cannot be accurately accounted
for in the theory.

In Figure VII-33, where the spreading déta for various initial spill vol-
umes are plotted on one graph, the curves are found.to overlap and appear to
be almost linear with fespect to time, ignoring the discontinuities introduced
by the "ice dam". The linear relationship between spreacding distance and time
is also true for the case where spills are made with the smaller distributor
opening (19.4 cmz), as seen in Figure VII-34. The slope, however, appears to
be larger for the case with‘the smaller distributor opening.

As cryogen spills onto the water through the opening, the water near the
distributor is agitated. A large opening leads to a larger introduction rate
of cryogen into the system and causes a more severe agitation of water. Corres-
pondingly, the proportion of momentum transferred from cryogen to water is 4
larger. A smaller opening minimized the initial momentum transfer between cry-
ogen and water.l This may explain the higher spreading rate of cryogen through
the small dist%jbutor opening.

Figure VII-30 also shows that the composition of LPG has no effect on the



SPREADING DISTANCE(cm)

180

160

140

120

100

80

60

40

20

-254-

| 1 I I I |
QO ————— 10146
g————— 1G156G
A—————7080}
- THEORETICAL FREDICTION
- m -
/ED
m
| ] ] | i |
0 | 2 3 4 5 6
TIME(s)
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FIGURE VII-33:
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spreading process. Therefore, it is concluded that the boiling-spreading pro-
cess for LPG spills is independent of its.composition; i.e., LPG can be well
represented by pure propane. »

The values of the maximum spreading distance predicted by the numerical
model for propane spi]]S are given in Table VII-3. The model and experiment
agree reasonably well. |

Furthermore, Figﬁre VII-35 gives the theoretical prediction of the thickness
profile for a propane spill. Note that propane does not completely vaporize
when it reaches the.maximum spreading disfénce; propane is thicker near the
distributor and.thins out downstream. This is consistent with the experimental
observation on propane spills. |

Tab]g VI-7 shows that the maximum spreading distances for propane Spi]]s
.are not affected by the size of the distributor opening. This suggests that
the spreading of propane on water is controlled by the irregular ice formed
during the boiling-spreading process for the system used in this study.

In Table VII-4, the maximum spreading distances for methane and propane
spills are compared; methane spreads over a much larger area than propane for
the same volume spilled. The explanation for thfs is that propane has a very

high initial boiling rate and forms a rough ice sheet which hinders its spreading.
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FIGURE VII-35: THICKNESS PROFILE PREDICTED BY THE
NUMERICAL MODEL FOR LIQUID PROPANE
SPREADING ON WATER.
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VIII. CONCLUSIONS

An abparatus was designed and constructed to monitor the spreading of a

| ~boiling liquid on water. The apparatus allows measurement of vapor tem-

peratures and compositions. These data can be used to infer liquid vapor-

‘ization rates.

For 1iqqid nitrogen and methane spills, film boiling occurs initially

hpon contact with water. Ice forms on the waier surface during the
spreading. Before an ice layer appeafs, most of the cryogen'has evaporated.
Because there is little ice growth before most of the liquid nitrogen or
methane has evaporated, their boiling rates were found to be nearly con-
stant. This conclusion would not be valid for a large spill.

Liquid nitrogen and methane exhibit similar thickness profiles during
spreading, that is, the spreading front is thickest, and the profile thins
out toward the spill origin.

The bubbles of evaporated cryogen entrained in the liquid affect thel
spreading of cryogen on water. The bubbles alter the effective density
of the cryogen layer and this effect has been accounted for in the model
development.

A numerical technique using the method of characteristics has been devel-

oped that successfully describes the boiling-spreading phenomena for

- 1iquid nitrogen and methane spills on water. The model provides informa-

tion of the maximum spreading distance and the time for complete vaporiz-
tion for various quantity spills. '
For liquid propane or LPG spills, nucleate boiling occurs upon initial

contact with water. Highly irregular ice forms very quickly and the local
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boil-off rates monotonically decrease with time. A moving boundary heat
transfer model can adequately describe the boiling phenomena. This is
‘consistent with earlier observations made for propane or LPG spills on
confined water surfaces. |

For LPG mixture spills, fractionation occurs with the more-volati]e com-
ponents vaporizing preferentially.

Addition of small quantities of ethane or n-butane to pure propane has
little effect on the boiling process. This was also the case in confined
propane and LPG spills. |

Propane or LPG does not spread in a manner similar to 1iquid nitrogen or
methane. The formation of a rough ice layer hinders the spreading of
propane and LPG and the spreading vas found to be linear with respect to
time. ’
The composition of LPG has essentially no effect on the spreading pheno-
mena. Pure propane will simulate actual LPG behavior. The same conclusion
was obtained in confined LPG spill experiments.

Irregular ice formations in LPG spills are difficult to characterize and
their effect on hindering the spreading of LPG cannot be adequately ac-
counted for in the theory. The numerical modg] does not adequately des-
cribe the boiling-spreading phenomena for LPG spills.

The size of the distributor Qpening affects the spreading rate of propane
on water but has no effect on its maximum spreading distance. This sug-
gests that the irregular ice controls the propane spreading process for
the system in this study.

In an industrial accident, it is expected that LNG will spread over a
much larger area than LPG for the same volume spilled. In this case, the

formation of an ice layer beneath the cryogen may lead to much lower vapor-
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ization rates.

The high-speed motion picture photographic study improved the understanding

of cryogen movements, ice formation and bubble growth in the boiling/

spreading process.

e
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IX. RECOMMENDATIONS

'A11 experiments have been conducted on a calm water surface. In order

to simulate the real case where cryogen spills on an ocean-air interface,
agitation of the spreading surface should be introduced fo evaluate the
wave effect on the boiling/spreading process.

Distilled water has been used'in the present work. Experiments with salt
water should be carried out to simulate cryogen spills on various environ-
ments.(sﬁch as river, coastal, open ocean).

Determination of the characteristicé of ice formation is very important in
developing a model to predict successfully the boiling/spreading phénomena
fqr LPG‘spi]ls.

Evaluation of the extent of the prefersntial evapdration of more Qolati]e
components is needed in certain hazard models where properties of fhe vépor
cloud are used.

Experihents with various spill rates should be conducted to provide a bet-
ter undérstanding of the mechanism of LPG boiling and spreading on water.
The one-dimensional boiling/spreading model shoufd be scaled to large ra-
dial spills so as to provide a higher dégree of reliability in hazard an-
alysis calculations that are now bein§ made for hypothetical LPG and LNG

tanker accidents.
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APPENDIX - 1

MOVING BOUNDARY HEAT TPANSFER MMODEL
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Consider the liquid which fills the region x > 0 at an initial tempera-
ture TZ in Figure A.1-1. At time 1 = 0 the surface is exposed to temperature

T] thch is lower than the phase change temperature T Solidification will

p*
start and the interface separating the solid and 1iquid phases will propagate
to larger values of x. At a time t, the surface separating the liquid and
solid phases is at X (t). The bulk temperature of the liquid at large x is
T2 and is constant. Heat is conducted, therefore, from the liquid through the
solid phase to the free surface.

At time T, the region x < X (1) is a solid phase with constant properties

k]; a5 Pqs C]; t] is the temperature in this phase and it must satisfy the

equation,

2 - = 0 (A.I"]) )
Bx] 2y ot
‘with t, = T] at x; = 0.
At any time T, the region x > X (z) is a liquid phase with properties ko

Ops Pys Cz;'t2 is the temperatufe in this phase and it must follow the equation

2

t, . ot 4

—2-L 2. (A.1-2)
8x2 a, ot

with t, = T2 at x~» - |

| In the so]idificatiqn of wafer to ice, the temperatures of ice and water
are not conStant in each phase. The ﬁhysica] properties are functions of temp-
erature. For simplification the.physica] properties are assumed to be constant.
The values estimated at the average temperature of (Tl + Tp)lz are-used for the

ice phase. For the water phase the properties are taken at the bulk temperature
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of T2 since the water temperature a few rm below the surface does not change
significantly during the boiling process.

During the solidification process there is an increase in volume and the
ice surface will move away from the original surface according to the density

of each phase. This can be accounted for by

X, -
1P |
— T — B (A.I"3)
X2 A

At the ice-water interface,

at Xy = X](T) or X, = Xz(r) _ (A.1-3)

whén the icé-water interface advances a distance dX](r), a8 quantity of heat

Py af Xm(T) is liberated per unit area and must be removed by conduction
at at '
] 2 — -
k] (-a"x—]' - k2 'a—'xz- p]‘.H dX](T) (A.I 5)

Given the above conditions, Eckert and Dréke (1975) and Carslaw and Jaeger
(1959) describe a solution which leads to the following temperature profiles in

the solid and the liQUid phases, réspective1y,

t, - T erf(x,/2/a,1)

.l_E-: 1- L (A.I"s)
- and

t, - T e}fc(x /2Va,T

2 _P.q. 227" ) (A.1-7)

-1, | erfe(K/2/a)
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in which K is calculated from

(T, - Ty) K exp(-xzsz/4a,) (T, - Tp) &, exp(—K2/4a2)

Viay erf(Ka/2/a)) /ra, erfclK/2/o,)
e o K8
= -—-—2‘_ ' (A.I"S)

The heat transfer across the cryogen-ice interface is given by
(A.I-9)

where QIA js the heat flux. Differentiating equation (A.I-6) with respect to

X and substituting into equation (A.1-9), one obtains

-1/2
_ (T, - T,) ky 7
q/A = - p ] 1 =Et -]/2 (A.I']O)
Vﬂa] erf(K /21/0_] '

The values of ice and water properties are shown in Table A.I-1.

4 1/2

| The value of K is found numerically to be 6.2675 x 10" ' m/s Equation

(A.I-10) then yields

o/A =158 V2 (kumd) (A.1-11)
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TABLE A.I-1

Physical Properties of Ice and Water

Ice (at -21°C) Water {at 20°C)
ky = 2.43H/mK k, = 0.580 H/rK
py = 913 kg/m’ o, = 1 x 10° kg/m>
¢y = 1.93 x 10% W s/kg K ¢, = 4.181 % 10° W s/kg K
oy = 1.354 x 107 n’/s o, = 1.388 x 1077 n’/s

it = 3.335 x 10° W s/kg
B = 1.087
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APPENDIX-TI

COMPUTER PROGRAMS TO MONITOR DATA ACQUISITION
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APPENDIX - III

EVALUATION OF THE PLUG FLOW ASSUMPTICN USED IN
THE DATA ANALYSIS SCHEME
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The vapor flow of tracer gas, COZ’ and propane (or LPG) mixtures above
the water surface can be shown to be turbulent from the size of the Reynolds
number, estimated in the following way.

For turbulent flow through a tube, the Reynolds number is defined by
(Bird, Stewart, and Lightfoot, 1960)

=4Rh<v>p

Re u

N (A-111-1)

where Rh is a "mean hydraulic radius" which is defined as

_ cross-section of the stream, S

Ry = wetted perimeter, Z

< v >is the éverage gas velocity over the cross-sectional area S. p is the
dénsity and p is the viscosity of the gas mixture.

For the spill apparatus used in this study, the water trough is half
filled with water and its diameter d is 16.5 cm. The "mean hydraulic radius",
Rh’ is equal to |

1(@_":
2%

Ry, = 2.52 cm (A-111-2)

JRECI
" The gas velocity is estimated by the data analysis scheme described in
chapter IV. The heat transfer rate of LPG decrease§ with time and consequently

the horizontal vapor velocity decreases. To ensure that the vapor flow in the
system is turbulent during the sampling period, the Reynolds number is estimated
on the basis of the horizontal gas velocity at the end of the sampling period,
which is found experimentally to be about 45 cm/sec. This value is used as

< v > and applied in equation (A-I1I11-1). In addition, the conéentration of the
tracer gas (COZ) at this time is about 33 moleZ% of the vapor mixture.

The vapor temperatures recorded from propane (LPG) spills during the
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pefiod are between 230K and 250K. For gases, the viscosity increases and the
density décreases'with increasing temperature. For a conservative estimate for
the Reynolds number, the values of density and viscosity evaluated at 250K are
used in equation (A-III-1). |

At 250 K, the viscosities of C02 and propane are

pCO2 1.24 x 107° g/ cm-s

7.0 x ]0'5 g/ cm-s

]

M
C3
The viscosity of a binary gas mixture can be estimated by the following equation
(Reid, Prausnitz and Sherwood, 1977)
N H Y2 ¥2

. = - + ' - -
Pmix Ty ¥y, 01 Yo T Y op B (A-111-3)

where Moix = viscosity of mixture
Uys My = pure-component viscosities
Y1s ¥2 = mole fractions

¢2], ¢2] = binary interaction parameters.

and 172y \1/8 |2 -
1 +{— v
Mo M
012 = : M] 72 (Wilke, 1950) (A-I111-4)
B ()l
2
o m M
where M], M2 = molecular weights-

The values of %92 and 21 for carbon dioxide - propane mixtures are found
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to be 1.358 and 0.765 respectively. i obtained from equation (A-III-3),

is 8.40 x 107> g/cm-s.

The density of the gas mixture is related to its molar volume, obtained

from the equation of state:

2. RT , :
Voiy _ml%___ - (A-111-6)

where the'compressibility factor (Zmix) depends on the reduced temperature Tr
and pressure Pr of the mixture.
The critical temperature Tcm and pressure PCm of the CO2 - propane mix-

ture are evaluated by a mole-fraction average method:

Ten ? (¥; Tci) = 347.9K - (A-111-7)
P, % (¥ pci) = 52.2 atm (A-111-8)

where Tc and Pc are the critical temperature and pressure of ith component re-
i i .
spectively. The reduced properties of the vapor mixture Tr and Pr are defined

as

= 0.72 (A-I11-9)

P
r

= 0.019 (A-I11-10).

Using the generalized compressibility charts (Perny and Chilion,.Sth
edition),zmix is found to be 0.978. The molar volume of the gas mixture at
250K and 1 atmosphere pressure is then evaluated as 2.00 x ]04 cm3/mo1e. The
densiiy of the mixture (pmix) under these conditions is equal to 2.2 x
10-3 g/cms.

After substituting the values of Ry» <v>, P i and Uoix into equation

X
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(A-IT1-1), one obtains N, = 11890 which falls in the turbulent flow regime.

Re

Turbulent flow is characterized by the highly irregular motion of poorly
defined "eddies" of many sizes rolling and mixing with each other. The mixing
and blending of the eddies results in a rapid dispersion of fluid particles
in a turbulent stream. This is referred to as eddy diffusion.

For a mixture flowing through a pipe, the dimensionless group, [G%ﬂ,
represents the ratio of material transferred by eddy diffusion to materiai
transport by bulk flow in the axial direction. The axial velocity is u, the
length of the pipe is L and Da is the eddy diffusion coefficient. This di-
mensionless number indicates the extent of axial dispersion due to the turbu-
lence diffusion. When the value of [g%} is very small, transfer by eddy is
negligible éompared to the bulk flow and therefore the system approaches the
plug flow. .

For a system wi;h a known Reynolds number, the value of [%%J can be
estimated, using the correlations reviewzd by Levenspiel (1972). For the pre-
sent system which has a Reynolds number of 11890, [G%] is very small and equal
to 0.018, The axial dispersion due to turbulent diffusion can therefore be
neglected in our analysis.

During a propane (or LPG) spill experiment, the fast evaporation of 1li-
quid propane produces large vapor velocities in the vertical direction (perpen-
dicular to the cryogen spreading direction) and therefore enhances the dis-
persion of propane vapor in the vertical direction. The range in observed
evaporation rates of LPG can be converted into hypothetical vertical velocities
varying between 5 and 50 cm/sec. The height of the vapor space above the
water surface in the spill tube is about 8 cm. Because the time duration of the sample-
taking is 0.5 second, the vertical distances traveled by the fluid particles
are between 2.5 and 25 cm, sizable distances when compared with the vertical

dimension of the spill tube. Furthermore, the vapor samp]es‘have been col-
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lected from locations midway between the water surface and the top of the spill
tube. Considering both the location of the sampler and the magnitude of the
vertical motion during the sampling period, the vapor samples collected during
the experiments can represent the average composition of the carbon dioxide-
propane mixtpres in the cross-sectional area. Moreover, the visual observations
of the rapid vertical mist motfon relative to the horizontal velocity in the
‘vaporkphase offer additional evidence. The aSSumption of plug flow in the

data analysis scheme of Chapter IV is therefore valid.
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APPENDIX - 1V

THE BOILING/SPREADING OF CRYOGENS OCCURS IN THE
GRAVITY-INERTIA REGIME: A JUSTIFICATION

DETAILED DERIVATIONS OF THE MASS AND MOMENTUM
CONSERVATION EQUATIONS

APPLICATION OF HOULT'S SOLUTIOM FOR INITIAL CON-
DITION AT SMALL TIME

DETAILED COMPUTATION ALGCRITHM FOR THE ONE-
DIMENSIONAL BOILING/SPREADING MODEL

DERIVATION OF CHARACTERISTIC LENSTH AND TIME FOR
ONE-DIMENSIONAL BOILING/SPREADING PROCESS WITH A

CONSTANT BOILING RATE PER UNIT AREA

COMPUTER PRCGRAM FOR ONE-DIMENSIONAL BOILING/.
SPREADING MODEL
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A. THE BOILING/SPREADING OF CRYOGENS OCCURS IN THE GRAVITY-INERTIA

REGIME: A JUSTIFICATION

For an instantaneous spill of LNG or LPG on water, by an order of
magnitude analysis, the four basic forces which tend to accelerate or retard

the spread can be estimated as (Fay, 1969)

Gravity: .Apgh)hy. (A.1V-1)
Surface tension: o% {A.1V-2)
Inertia: - p(zt'z)hlz {A.1V-3)
Viscous: tpw(zt-1)6-]]22 {A.1V-4)

where p is the cryogen density, o is the surface tension coefficient, & =
1/2 .
(u,t/o,)

the density of water. g is the graviteiional acceleration. & is the pool dia-

is the water boundary-iayer thickness, , is the viscosity and Py

meter, h is the thickness of cryogen and t is time.

In the gravity-inertia regime in which the gravity force and the inertia
force dominate as the spreading and retarding forces respectively, the following
inequalities have to be met:

o 1/2 :
h > [— (A.1V-5)

pga
1/2
(e, u, t)

h > 5

(A.1V-6)

For LNG, with o = 18.7 dynes/cm, p = 0.425 g/cm> and g = 980 cm/sec?,

s 1/2
— = 0.2
[pgA 8 cm

For LPG, with o = 15.4 dynes/cm and p = 0.582 g/cm3,»

c

1/2
ogA]

= 0.25 cm
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In the spreading process, gravity dominates surface tension when.the thick-
1/2
ness of the cryogen is greater than [Bgz

.In the order of magnitude analysis, accounting for the volume change due

to the evaporation of the cryogen during spreading, the conservation of mass is

2holo (A.1V-7)
2
Equating equation (A.IV-1) to (A.IV-3) and using equation (A.IV-7) yields
the radial spreading law for cryogen in the gravity-inertia regime:

N
g=(—2—)

Rearranging equation (A.IV-8) and combining with equation (A.IV-7), the

(A.1v-8)

following expression is obtained:

v 1172
t= [?%é] %- - (A.1V-9)

Substituting into equation {A.IV-6), one obtains

, [ 2 ’ 271/6
1 1% tw 1/6 -
h > o [—725——] V0 (A.1v-10)

with p, = 1 g/cm and w, = 1.0037 x 1072 g/emesec, for LNG;

h>0.18 vo’/6 (cm) (A.1V-11)

~and for LPG: -

h > 0.12 vo”6 (cm) (A.1V-12)

For a large scale instantaneous spill of LNG or LPG,]O5 liters (100m3) for

example, the critical thickness hcr_below which the retarding of the cryogen is
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is dominated by the viscous forces is very small.

LNG: 0.39 cm

¥
i

cr

LPG:

hcr 0.26 cm

For LNG and LPG spills on water, the cryogen spreads in the gravity-inertia re-
gime until the thickness of the cryogen has thinned to hcr,'after which the cry-
ogen's spfeading moves into the gravity-viscoué regime. Before this transition
occurs, most of the cryogen has already evaported. Therefore, for LNG or LPG

spills on water, only the gravity-inertia régime is important.

B. DETAILED DERIVATIONS OF THE MASS AND MOMENTUM CONSERPVATION EQUATIONS

For a one-dimensional spreading of a cryogenic licuid on water, the
general continuity equation is expressed as (see Bird, Stewart and Lightfoot,

1960)

30, 2. 3_ - - -
st oy (Pv) + 57 (py,) =0 (R.1V-13)

In the gravity-inertia regime, the gravitational force balances the acceler-
ation of the cryogen, the equations of motion take the following forms (see

Figure A.IV-1):

Jv, av ov
X - component p{s;;-+ Vy axf tv, azx§= - 3% (A.1V-14)
: v aV. av . )
Z - component p{sfz + vy 5§5+ vsé?f = - %g - pg (A.IV-15)

Because the thickness of the spreading cryogen is much smaller than the

horizontal length of the spill and the slope of 3h/3x is small, it is valid to \

assume that the cryogen is in hydrostatic equilibrium in the vertical direction

av av av .

2 z 2 . N .
- £ —= ion
and w¢-, Yy X and V=== are negligible cpmpared to gravitational acceleratio
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' 2 ==(h

\\%\G\m\\\\ \\\. ]

— — — — - —~— — —

WATER

FIGURE A.1V-1: DIFFERENTIAL VOLUME OF LIQUID CRYOGEN
SPREADING ON WATER.
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g. Thus, equation (A.IV-15) becomes

|
N

- - g (A.1V-16)

Based on the hydrostatic equilibrium assumption, the height of the cryogen a-
bove the water level is equal to sh and the depth below the water level is (1-A)h,

where A is defined as the ratio of density difference between water and cryogen

to water density (pw - p)/pw. . _
Integrating equation (A.IV-13) in the vertical direction from z_=-(1-a)h
to z_ = Ah, i.e., over the thickness of the spreading liquid at any x and t,

using the "Leibnitz formula":

Lz z
2 f" 3z, 2.7 /’*
at pdz - [°z+-53‘ T ARV

¥4

) 9z, 3zZ_ )
- pv —— - [pv —— |+ {ov - f{pv =0 (A.1IV-17
( X z, X ( x)z_ X ( z)z+ ( z)z

Assuming pand‘vx are independent of z and substituting z, and z_ with Ah and

- (1-A)h respectively, into equation (A.IV-17), one obtains

h %% +h ﬁ (ov,) + p[(vz)z - (vz)z ]= 0 (A.1V-18)

+

where the third term, for the case without evaporation, is

vz) < (¥z) Db c3h,, 2h |
(z)z+ (7’)_2_“ t =3t ' Vx ox (A.1V-19)

For cryogens, with the local mass boil-off rate m (x, t),

. h_dh,  oh
(_vz)z - (vz> Bty o (A.1v-20)
+ Y .
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Combining equations (A.I1V-17) and (A.IV-20), one obtains the following form for

mass conservation:
& (oh) + 2 (ohv)=-m (A.1V-21)
ot e X X .

Integrating equation (A.IV-16) in the z-direction, the following equation is ob-

tained:

P=-pgz+f(x,t) (A.1V-22)
Using the boundary conditon:
P=P,tpg h at z=- (1-A)h {A.1V-23)

where Po is atmospheric pressure, f (x, t) is given by
f(x, t) = Pyt og h A | (A.1V-24)

Substituting into equation'(A.IV-ZZ) and differentiating with respect to x, one

obtains

¥ gy (ha) ~ (A.1V-25)

Combining equation (A.IV-14) with equation (A.IV-13) multiplied by Vo the

following equation is formed:

9 2 ] 9P
%f (pvx)+ T (pvx ) + 5;-(pvx vz) = - (A.1V-26)

Substitution of equation (A.IV-25) into equation (A.IV-26) and integrating in

the vertical direction from z_ to z_, one obtains

+’

) 3h

3 o2 2 3h
sp (eh v,) - ov s+ 52 (ph v ") - pv.” ==+

X 3X



9
PV, [(vz)z+ - (Vz)z_] = - h % (p g ha) ' (A.IY-Z?)

Mu]tipiying equation (A.IV-20) with vy and combining with equation (A.I1V-27),

the following equation of momentum is obtained:

3vx avx

——

_X-_92_ -
5t * Yy 5% > 3x (o hb) (A.1v-28)

Assuming the density of the cryogen is a constant and using the notation U

instead of Vo the final forms of the equations of continuity and motion are

2h , 2 m_ | -
5+ 5 (hU) + 5= 0 | (A.1V-29)
U, 3U sh _ i
attUax R0 (A.1-30)

C. APPLICATION OF HOULT'S SOLUTION FOR INITIAL CCNDITICMN AT SMALL TIME |

The initial conditions, given in the form of thickness and velocity
profiles, were provided by Hoult's (1972a) ana}ytic solution in the gravity-in-
'ertia flow regime in one-dimehsional configuration. As mehtioned previously,
the entire solution was then determined using the method of characteristics.

The initial time, to’ (starting point of the analysis) was choseﬁ to be
equal to 0.01 sec. It has been‘found that the numerical solution is insensitive
to the value of to. 'Figure A.IV-2 shows that for t0 = 0.01, 0.03, 0.05 and
0.07 sec, the numerical solutions are essentially identical.

_ Thg proportion of spilled volume that has evaporated at tO is, under most
circumstances, insignificant. In the 1- liter LNG spill with q = 92 kW/m2 and
t0 = 0.01 sec, for example, only - 0.01% of the total spill volume was lost via

evaporation. In the case of an LPG spill with Vo =1 TJiter, using 6 = 103 kw/m2

for tG=CL01 sec,on1y~0.05%ofthetotalspillvo]bmeevaporatedaway. These cal-
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-297-

calculations show that using the analytic solution for an oil spill adequately

describe LNG and LPG spills at very small times (to).

D. DETAILED COMPUTATION ALGORITHM FOR THE ONE-DIMENSIONAL BOILING/

SPREADING MODEL

Equations (V-12) and (V-13) are rearranged in the following manner:

w+agm'/?1dt-dx=0 (A.1V-31)
| 1/2 a
- (agmn/?3dt-dt=0 (A.TV-32)
° ]/2 1 .
hay + h'/2 gn 4 m[f29h) o] ax=0 (A.1V-33)
' P lu+ (agh)/2
. 12 -
hdy - h'/2 gn - D [ (a9 h) 77| dx =0 (A.1v-38)
' P lu- (agh)’

As mentioned previously, every solution of the system of equations (V-12)
and (V-13) satisfies the original system of the partial differential equations
(v-1) and (V-2). Finite difference approximations are used to solve the equa-
tions (A.IV-31) through (A.IV-34) for the values of U and h as functions of x
and t.

Two methods of approximating equations (A.IV-31) through (A.IV-34) are de-

scribed here. One finite difference approximation is expressed by the formula:

X
1
[ fx)dx=f(x) (xy -x) (A.1v-35)

0

and is called a first-order approximation.

The second finite difference approximation is expressed by the trapezoidal

rule formula:
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X
1
/ Fx)dxx g [F (x) +F (x)] (%) - %)) (A.1V-36)
X
0

and fs called a second-order approximation.
It is assumed that U and h are considered as known functions of x at time

t, either as given initial conditions or as the results of a previous step in
the calculations. In the computation scheme, the time interval (At) and space
interval'(Ax) are specified. For illustrative purposes, the values of U and h
are assumed to be known on the line t = T, seen in Figure A.1V-3, and are-to
be found on the line t = T + At. Let P be a typical point on the line t =T + At
(P is not a boundary point or the point next tQ the'boundary) and A, B, C are
three adjacent points on the line t = T. The characteristic curve I at P in-
tersect ACB at R and the characteristic curve II at P intersect ACB at S.

| Since x, and t

P
proceeds as follows:

p are known, UP and hP are to Ee found. The computation

1. The equations

[U+ (g a h)‘/Z]c (tp - tp) = %, = xp (A.1V-37)
[U- (ga h)1/2]c (tp = t) = x, - X (A.IV-38)

give the x-coordinates of R and S'respectively.

2. Using linear interpolation, UR’ US’ hR’ hS can be found from:

Ug = Uy {1 - [u+ (g a )2y e} + U, U+ (g8 h)”z)c o  (A.Iv-39)

hg = he {1 S [U+ (ga h)“zjc e} +hy [U+ (g 8 h)”z]c o  (A.IV-40)
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t=T+at

- — AX —

FIGURE A.1V-3: SCHEMATIC OF THE METHOD OF
CHARACTERISTICS FOR A NORMAL
POINT.
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Ug = U, {1 -[U-(ga h)‘/zlc 6} + U [U - (g 4 h)1/2]c ® (a.v-a1)

hg=h {1 - - (gamAgef v hg U= (gami e (a1v-e2)

where 8 = At/Ax.

It has Been assumed that because At is sufffcient]y small, the parts of
fhe characteristics between P and R and between P and S are‘straight lines -and
that the slope of PR at P is [U+ (g & h)/2)."! and the slope of PS at P is
v - (g8 m'727

3. UP and h, can now be obtained by solving simultaneously the following

P
two equatibns:

1/2 (a2 o
Chg (Up = Up) + (he) '™ (hy - hp) + ip U+ gam7Z S, (xp = xp) =0
(A.1v-43)
. 1/2
1/2 m(gahn)™™ _
he (U, - UQ) - (h ho - he) - ; (x5 - x) = 0
(A.1v-44)

Equations (A.IV-37) - (A.IV-44) form a process with first-order accuracy.
In order to obtain a higher degree of accuracy, the values of UP and hP esti-
mated from steps 1, 2, and 3 are used as initial estimates for the second-order
process, which is shown below:

4. The equations

(k)

- xR(k+" (A.1V-45)

(k
+ U +{g 2 E] )}(tp - t) = %)

7 {vream®

-

k (k
{[U - (gAh)]/?‘]P( ) + [U-(ga h)”z]S }(tp - tg) = Xy~ xs(kﬂ) (A.1vV-46)
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give the x-coordinates of R and Sat the (k+1)th iteration.

+
5. Using a formula for quadratic interpolation, UR(k+]), Us(k+}), hR(k ]),

and h (k+1) can be calculated.

S
0 1) = - oy - ) ) )
(k+1) 2
—'—‘"ZZ(AX) (UA + UB -ZUC) (XR - XC) (A.IV-47)
hR(k+])=hc"2"g';('(A'h) (X (k‘ﬂ) XC)+
2
1 (k+1)
(h + h - 2h.) | - X.) (A.1v-48)
2 (60)2 ¢/ YR C
A R RURESICRL A
L (k+1) 2
2(Ax)2 (UA +Ug - 2 UC) (xS - xc) (A.IV—49)
ng ) < - gk (- hg) (xg M - ) 4
(k+1) 2 (A.1V-50)
m (hy + hg = 2he) Ixg™"07 - x¢)
6. Up(k+1) and hp(k+]) can then be obtained by solving simultaneously the
equations:
1/2 1/2
( (k+1) , (k))(up(kﬂ) ] UR(k+1)>+ 1 3[“3(“”] R [hp(“] i

1
2
. (k+1) )
( (k+1) —h k+]))+ _)_;[ m (gzh )1/2 ] . {:m (gzh) /Zj z(x i x‘(kﬂ)):o
2 ALy + (@) /P Lo (gemU 1T TR

(A.1V-51)
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12
(L 1)y g (0) (5 (k1) (o) ;_%[ (k+1)] [(m)] i

(n, K1) < n (K1) _1{[ i (gah)"z] (g Ah)vz (k)
P S 20 |Ly - (gah)72 S u ~ (gan)] JP %

| (xp - xg F1)) = (A.1V-52)
The 1terat1ve procedure is repeated until the va]ues of UP and hP converge

to the third decimal place.

The appropriate end point which represents the spreading front demands
special attention. The spreading front mugt move in‘accordance with the boundary
condition, equation (V-3). The computation brocedure for this endpoint is de-
scribed in the next section.

Boundary Points

Consider the case in which the point B lies in the bsundary. As indicated
earlier, the values of U and h at time t = T are assumed to be known. Points A
and C are adjacent tﬁ point B. The follcwing are the steps in the computation
for U, and h

M M
1. XM can be approximated from the relation

at the leading-edge point at t - T + At.

= UB (tM (A.1v-53)

2. The 1leading-edge point, M, with advancing t is always located at the
intersection of the characteristic curve 1 of the point, R, adjacent to the

leading-edge point B, with the leading-edge path. The equation
xy - %o = [U+ (g & M2 (¢, - t,) (A.1V-54)
M- *R s B ‘"M~ 'R y

gives the x-coordinate of R.

3. UR and hR-are obtained using linear interpolation:
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1
4
Boundary
\\
G
t=T+at M
t=1 A R B
—» X

FIGURE A.IV-4: SCHEMATIC OF THE METHOD CF
CHARACTERISTICS FOR A BOUNDARY
POINT.
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(XR = xc)

Up = Ug + (Ug - Ue) A x (A.1Y-55)
1 (xR - xc)

hg = he + (hg = he) T b x (A.1V-56)

where ¢ is defined as the ratio of (xB - xc)/Ax.

4. The values of UM and»hM must satisfy the following egquations simul-

taneously:
' . 172
) 1/2 ) 1 rm_{gah) ] ) )
hg (Uy = Ug) + (hg) " (hy - hp) + [u + (gom 725 (xy - Xg) = ©
(A.IV-57)
UMZ . C
hy = — where A = 1.64 {A.1V-58)

M Aga

Equations (A.IV-53) - (A.1V-58) are the first-order approximations to the
original partial differential equations. Agaiﬁ to determine_accuréte]y the
values of s UM’ and hM’ the second-order approximetion with interation pro-
cedure is required.

The formulas for the second-order process are as follows:

5. xM(k+]) can be calculated from the equation

x,q(km - x (A.1V-59)

_ 1 (k)
p=7 (g + Uy ) (ty - tg)

6. The equation

(k) (k) '
%{[u ' (gAh)W]M £ U+ (gAh)UZ]R }(tuu' tg) = xM(km - xg(m)

(A.1v-60)

gives the value of xp at the (k+1)st iteration.

- 7. Using the following quadratic interpolation formulas, UR(k+]) and

hR(k+]) can be found:
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2 2
(1) AT (1-27) U - UB (k+1)
Up =Y - z(1+5) X (g "X
Uy - (1+g) U. + U 2
g Uy - (142) c B (XR(k+1) - x.) (A.1v-61)
z (1+z) (ax)
(k1) < by (1) b (1)
hp = he - z (1¥C)ax  (x *R e
h, - (1+z) h. + h
g - (#c) he + by (XR(k+1) ) Xc)z (A.1V-62)

¢ (1+2) (ox)°

7. The relationships between UM(k+]) and hM(k+]) are

1/2
1/2
1 (0 (k k1 k1) o ()Y L 1| (G (K) (k+1)
7 (%n( D+ gt )) (UM( gl )> * ?’[( ) ("R ) ]
(bt - k1) 5L {[ n (g2 70 [r’n (gam‘ﬁ](m)}
moo R % v+ (ezn)'/e], v+ (gsn)' /2]

(x, 041D xR(k+1)) = 0 (A.1V-63)

[y, K172

(k+1) _ -
hyy Y (A.1V-64)

and can be used to find U (k+ ]) h (k+])

For point P, near the boundary of the spreading front (see Figure A.IV-5),
the computational scheme used to find Up and hP at t = T + At is described in
the following section.

Points Near the Boundary

The formulas for the first-order approximation process follow.
1. To find the x- and t- coordinates of N, the point of intersection of
the characteristic curve Il at P and the boundary, the following equations

have to be solved simultaneously:
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Boundary

t=1+At}

/
Y

t=1 AR gas

FIGURE A.I1V-5: SCHEMATIC OF THE METHOD OF CHARAC-
TERISTICS FOR A POINT NEAR BOUNDARY.
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(U - (gah)1/zlc(t (A.1V-65)

p -t = - xy
Ug (ty - tg) = %y - X (A.1V-66)

2. The x-coordinate of Q,the point of intersection of the characteristic

curve I through N and ACB, is found from:

1/2 - - - -
[U + (gah) ]B (tN tQ) Xy xQ (A.1V-67)
3. UQ and hQ are found from linear interpolation formulas:
Xq = Xc
UQ = UC + (UB - UC) -5%;5;—~ (A.1V-68)
X5 = X¢
hg = he *+ {hg - he) =5~ (A.1V-69)

4. The values of UN and hN can ba cbtained by sclving the following two

equations simultaneously:

. 1/2
1/2 1 [m (gah) _
h, (U, - U) + (he) (h-h)+—[ ](.—x)—O
BN QT B A P VS (A1v-70)
Uz
N
hz___.
N AgA (A.1V-71)

5. Equations (A.IV-45), (A.IV-47) and (A.I1V-48) give Xp> UR’ and hR re-

spectively.

6. Up and h, can now be found by using equations (A.IV-43) and (A.IV-72):

1/2

oy 1/2 1 [ (gah) _
he (Up = Ug) + ()% (hy - ho) + E’_ﬂ +9(9Ah)]/2]c‘(xp - xg) = 0 (A.1V-43)

1/2

1 [ _{gah) -
p -yt ——19——~——T72]C(xp- xy) = 0 (A.IV-72)

he (Ug - U) - (h )2 (n
C P N C - (gah)
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The formulas for the second-order approximations follow.

7. The equations for finding the x- and t- coordinates of N are:

| (k) | (k
2 {E" (gen)' /2] 4 [ - (gem) /2] )} (tp - £, = 5 - g (K41
’ " | (A.1V-73)
Toog+ 0 (M gy = D L aavem)

8. The x(k+1) coordinate of Q can be found from the following equation:

%{tu + (o4 () u s (gAh)‘/Z]é“)} (51 - ) = (KD L TheT)

(A.1Iv-75)

9. UQ(k+1) and hq(k+}) can be ccmputed from second-order interpolation

formulas:

2
c - U

| -
UL I S LR
Q

B (k+1)
¢ AR (g7 1 = xg) +

4 UA - (1+g) Uc + U

B (k+1) 2
( - A.1V-76
z (1+z) (AX)2 _XQ Xc) ,( )
2 hy 4+ (1-of
(k+1) _ ¢ byt (O-chhe - hg  (h4qy o
h. = h. - —. A -
Q c e (1*2) ox (xq xc) +
g hy, - (14¢) h. + h ‘
A £ B (™D - 0% (aav-m)
z (1+z) (ax)

C

10. The values of uN(k*‘) and hN(k+‘) are obtained by solving the following

equations simultaneously:
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1 (h (k) +h (k+1)) (u (k+1) U (k+])) [(h k))llz ( k+1))1/2]( hN(m)_ hq(kﬂ))

(k)

. (k+1) :
1{[.m (gah)”?‘ ] i (geh)'/2 ] % (k+1) _, (o g (AL 1v-78)
i ;[u + (gAh)Uz N ' [U + (géh)u2 (XN 0 ) ( |

(v (k+])]2

(k#1) _ 2N - -
hN = 358 (A.IV 79)

1. xR(k”), UR(“”, and hR(k"” can be calculated using equations (A.IV-25),
(A.1V-61) and (A.IV-62).
12. Finally, equation {A.IV-51) and the following equation can be solved

(k+1) hp(k+1):

for UP and

! . ' v 1/2 1/2
(b, 5 D) (g 010y (1)) g[,, (k1)]1 +[ (1+1) /i

P
[ ( Ah)“2 (k) m ( Lh)llz (k+1)
k+1) L, (k#1)) + ,[ m (g ] [ g ]
b1 < m 1) T2 v-en”2d, Tl

(xp - %)= 0 (A.1V-80)

The thickness of the cryogen decreases as it spreads and evaporates. It

is necessary to establish an arbitary tolerance for h or else the numerical
“solution would expand to regions of physical hpn-reIevance. If at any point

the value of h becomes less than the convergence criterion of h = 0.005 cm
used‘in the computation procedure, thét point is dropped from the calculational
scheme obt]ined above. The physical significance of this step is that the cry-
ogan is assumed to have evaporated completely.

A detailed flow diagram of the computer algorithm for the one-dimensional

boiling/spreading model is given in Figure A.IV-6.

E. DERIVATION OF CHARACTERISTIC LEMGTH AND TIME FOR ONE-DINEMSIONAL
BOILING/SPREADING PROCESS WITH A CONSTANT BOILING RATE PER UNIT AREA
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Using an order-of-magnitude analysis, the accelerating force may be taken

as
F - (apgh) hw (A.1v-81)
The inertia of the spill may be characterized as
ma - phxw (x/tz) (A.1v-82)

‘Equating the two expressions:

1/2

t -~ x/(Agh) (A.1IV-83)
With
h ~ V/{xw) (A.1v-84)
Substituting into equation (A.IV-83), one obtains
3 1,172
t - [x“(eqyw)™ '] (A.1v-85)

Furthermore, the characteristic time te for the evaporation of the entire spill

volume V may be expressed as

t = v (A.1V-86)

€ [(gl) WX,

where Xo is the radius at time tos Eliminating x, from equation (A.1V-86)

using equation (A.IV-85) with x = Xo the following expression is obtained:

141/5
o (07 @] .10
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Substituting equation (A.IV-87) into equation (A.1V-83), characteristic length

X corresponding to ty is

2 w3
=& G) (g2)] (A.1V-88)

The physical quantities in dimensionless form are defined as:

* *
e e
- X /te] T [V/x"ew“j

F. COMPUTER PROGRAM FOR ONE-DIMENSIGNAL BOILING/SPREADI&G MODEL
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