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Abstract

THE EFFECT OF COMPOSITION ON THE BOILING RATES
OF LIQUEFIED NATURAL GAS FOR CONFINED
SPILLS ON WATER

by

Jaime A. Valencia-Chavez

Submitted to the Department of Chemical Engineering on
February 14, 1978, in partial fulfillment of the
requirements for the degree of Doctor of Science.

The effect of composition on the boiling rates for confined spills
of LNG on water was studied. Addition of heavier hydrocarbons to pure
methane changed the boiling rates significantly, specifically increasing
them in the initial period of time, thus leading to a higher maximum
heat flux.

Upon contact with water, a preferential evaporation of the more
volatile components takes place. The composition of the vapors evolved,
as well as the temperature of the residual LNG, were experimentally
determined at various times after the spill. Predictions made for the
vapor composition and saturation temperature based on vapor-liquid
equilibria considerations agreed well with the experimental data.

Initially, LNG mixtures film boil on water. A theory has been
developed for the collapse of this film resulting in the high heat
fluxes and boiling rates observed in the initial period. Consideration
is given to the rise in saturation temperature following the depletion
of methane, as well as to the amount of energy required to warm the
residual LNG to this rising temperature.

Based on the above considerations, a heat transfer model that
draws information from the vapor-liquid equilibria model has been devel-
oped. This combined heat transfer/vapor-liquid equilibria model predicts
successfully the evaporation of confined spills of LNG on water.
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I. SUMMARY

Introduction

The supply of fuels in the USA decreased in the recent past.

As a consequence, increasing amounts of LNG may be imported to meet
the demand for energy. Questions have been raised, by both public

and private interests, regarding the safety of the marine transporta-
tion of LNG. A collision involving an LNG tanker or a failure in the
loading/unloading system could result in the accidental spillage of
LNG on water. LNG is a mixture of methane, some ethane, small amounts
of propane and traces of heavier hydrocarbons. It is usually trans-
ported at a temperature near its normal boiling point (115 K) and close
to atmospheric pressure. When LNG contacts a hot surface, water, at a
higher temperature than its saturation temperature, it will boil and
form a hydrocarbon vapor cloud. This cloud when mixed with air could
form a flammable mixture.

As part of safety evaluation programs, several studies (Burgess,
1970, 1972; Boyle and Kneebone, 1973; Vestal, 1973; Jeje, 1974) were
made to determine the rates of evaporation of LNG on water and the
factors that influence such rates.

Burgess used an aquarium which was placed on a l1oad cell. About
19 liters of water were placed in the aquarium and 4 to 8 liters of
cryogen were spilled on it. As the cryogen evaporated, the time for
each 50 g loss was recorded. For the first 20-40 seconds, the boiling
rate of LNG was reported to be relatively constant with an average

value of 0.018 g/cmz-s. The maximum observed rate of evaporation was
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0.030 g/cmz-s, 65% higher than the average value. The aquarium was
later replaced by a polystyrene ice chest (1972). The reported
boiling rates for the first 20 seconds were 0.015 g/cmz-s. No expla-
nation was given for the discrepancy with the value reported in 1970.
The boiling rates were found to decrease after ice formation took
place on the water surface.

Similar spills using pure methane yielded boiling rates ranging
from 0.010 to 0.016 g/cmz-s. The higher value corresponds to a spill
twice the amount of that represented by the lower rate. The boiling
rates of methane were reported to have increased with time.

The higher boiling rate exhibited by LNG when compared to methane
was believed to be due to the exothermic formation of hydrates. This
idea, however, was abandoned after measuring rates of hydrate forma-
tion; they were much too slow to account for the difference in boiling
rate.

Boyle and Kneebone (1973) performed LNG evaporation experiments
both on confined and unconfined pools of water. The restricted area
experiments were carried out on tanks, 0.836 m2 and 3.72 mz, placed
on a load cell. It was found that boil-off rates increased with time
reaching a maximum at the point of "pool break-up". This point is
attained when the amount of LNG is no longer sufficient to cover
completely the water surface. Evaluation of the LNG layer thickness
at pool break-up yielded a value of 1.8 mm for many experiments.

2

The maximum rate observed in any one experiment was 0.02 g/cm™-s.

An increase in the initial quantity of LNG spilled was reflected in
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an increase in boil-off rate. Interestingly enough, for a very large
spill, the evaporation rate reached a maximum of 0.02 g/cmz-s. and
then declined even though the water was still completely covered with
LNG. Decreasing the initial water temperature also caused an increase
in boiling rate.

Boyle and Kneebone found a strong dependence of evaporation rate
on the chemical composition of the LNG. Increasing the amount of
heavier hydrocarbons such that the methane fraction dropped from 0.99
to 0.95 caused a threefold increase in the rate of evaporation. The
following explanation was given for these results. As LNG is spilled
on water, the large temperature difference causes film boiling. Heat
is supplied by cooling a thin layer of water. Once this layer reaches
the freezing point of water, ice forms and cools down very fast. The
temperature difference between the ice surface and the LNG decreases
enormously; nucleate boiling is promoted thereby causing a rise in
heat flux and evaporation rate with time.

Although Boyle and Kneebone's explanation for the observed rates
is a very logical one, their data cannot be completely trusted. Most
of the spills corresponded to an equivalent non-boiling hydrostatic
head of only 0.4 to 0.6 cm, barely 2 to 3 times the pool break-up
thickness of 0.18 cm. Furthermore, these spills were carried out on
large water surfaces of 3700 and 8400 cm2 (4 and 9 ftz). Since the

volumes spilled were relatively small, the spreading effects become

significant and should be accounted for, but they were not.
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Vestal (1973) used a glass Dewar flask coupled to a load cell to
study the heat transfer between cryogenic liquids and water. The
maximum rates of evaporation were reported to be 0.04 g/cm2 for pure
methane and 0.11 g/cm2 for LNG. These values are considerably higher
than those given by Burgess and by Boyle and Kneebone. The flask
used by Vestal had an inside diameter of only 48 mm. Thus, a signi-
ficant amount of heat is believed to have been supplied by the cooling
of the thick glass walls of the flask.

Jeje (1974) studied the transient boiling of 1light Tiquid hydro-
carbons on water. Liquid methane and 1iquid ethane did not show much
sensitivity to the amount spilled nor to the initial water temperature.
Ice formation took place for both hydrocarbons, although in the case
of ethane it formed more rapidly.

The heat fluxes for ethane were higher than those observed for
methane. The boil-off rate of methane increased continuously with
time, whereas ethane started boiling slowly and then rapidly increased.

Addition of heavier hydrocarbons increased the boiling rate of
methane significantly. After 10 seconds, the mass evaporated for
mixtures of methane containing 1.6 mole percent ethane and 0.1 mole
percent propane, was twice that for pure methane. For mixtures con-
taining 8.2% ethane and 2.0% propane, the mass evaporated after 10
seconds was nearly three times that for pure methane.

The boiling rates for LNG mixtures increased with time and

decreased slightly with increased initial water temperature.
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The most important conclusion that can be reached after reviewing
previous research efforts is that the chemical composition of the LNG
plays the most important role in determining the boiling behavior of
the mixture. Only qualitative explanations had been offered which are
not completely satisfactory. No attempts were made to explain
quantitatively the boiling of LNG on water.

Determination of boiling rates of LNG spilled on open sea is
extremely difficult. There are no techniques available for accurately
determining these rates. So far, any attempts to measure these rates
have been based on aerial observationof the LNG pool area as a function
of time. In addition to the composition of LNG, two other factors
play an important role in the evaporation of LNG on the open sea:
the spreading of the LNG pool and the wave motion of the water. Before
these effects can be incorporated in a scheme to predict the boiling
rates, one must have a clear understanding of how the composition
affects the boiling of LNG on water. Furthermore, one must be able

to quantify these effects. Such has been the goal of this study.

Experimental

The spillage of LNG on water results in a highly transient process
of evaporation. In order to study the characteristics of this process,
one must be able to measure, or otherwise determine, the mass evapor-
ated, the composition of the liquid and vapor, and the system temper-
atures as a function of time. In the present work this was accomplished

by spilling the cryogen on quiescent distilled water contained in a
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boiling vessel placed on an electronic balance. The output of this
balance was monitored by a NOVA-840 real time computer. Water,
cryogen, and vapor temperatures were measured by thermocouples whose
output was also fed into the real time computer. A schematic repre-
sentation of this setup is given in Figure 1-1.

The boiling vessel, shown in Figure 1-2, was a triple wall
cylindrical container. It was transparent to allow visual observation
and was designed to minimize heat leaks. The outer wall was made of
0.32 cm thick acrylic tube; the inner walls were made of 25 um Mylar
sheets. The three walls were separated by 2 mm thick polyurethane
spacers. These spacers were wound horizontally and were positioned at
different heights around the walls. They not only kept the thin walls
in place but minimized natural convection of the air present within
the wall gaps.

In most spills the cryogen evaporated completely within 2 to 3
minutes. In this short period of time the most important heat leaks
are due to the cooling of the walls of the container and, therefore,
it was necessary to use very thin inner walls to minimize their thermal
mass.

A cryogen distributor was used to reduce disturbances to the
water surface, and to prevent overshoots on the mass recorded by the
balance due to the inertia of the cryogen spilled.

Three vapor thermocouples were fed through the steel tube guide
for the cryogen distributor. The first thermocoupie was placed about

2 cm above the cryogen surface; the other two were placed at 1.5 cm
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intervals above the first one. Six liquid thermocouples were used to
monitor water and LNG temperatures.

In general, the liquid hydrocarbons were prepared by cooling the
hydrocarbon gases below their boiling point either with 1iquid nitrogen
or with a pentane-nitrogen slush bath.

The composition of the hydrocarbon mixture was determined by two
methods: gravimetric and chromatographic. The gravimetric method
consisted of accurately weighing the amount of each component added to
the mixture. For the chromatographic method, a sample of the liquid
mixture was removed with a pre-cooled sampling scoop and introduced
into a sampling bulb. After the liquid evaporated, a sample was removed

and analyzed with a gas chromatograph.

Vapor-Liquid Equilibria

LNG is a cryogenic fluid comprised of components which differ
significantly in volatility. Thus, in a transient boiling experiment,
the vapor evolved varies in composition as fhe liquid becomes enriched
in the less volatile components. This time-dependent vapor composition
would show a maximum in nitrogen, if present, followed by methane,
ethane, propane, etc. It is important to be able to estimate the
composition of the vapor during a spill of LNG because each component
may affect the dispersion characteristics of the cloud. It is also
important to estimate the 1liquid composition since the saturation
temperature of the residual 1liquid depends on its composition. Changes
in the saturation temperature could significantly affect the heat

transfer characteristics.
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One could assume that vapor-liquid equilibrium existed at all times;
the vapor composition could then be computed as a function of the
residual liquid composition. Before proceeding with this assumption,
however, it is imperative to demonstrate its validity. To this end
the vapor composition was measured experimentally as a function of time
and compared with results obtained from theory assuming vapor-liquid
equilibria. In addition, temperature measurements in both the liquid

and vapor are compared with those predicted from theory.

Development of the VLE Model
For a mixture at thermodynamic equilibrium, the fugacity coefficients
¢; can be related to pressure, total volume and temperature by the

following thermodynamic relationship (Prausnitz et al., 1967)

= 1n 1= 1 (|/2P _ RT - -
1n¢1.-1nyi RT![(anJ V]dv n 2z (1-1)

T,V,nj

where n, = number of moles of component i
L= PV/nT RT

The Soave (1972) modification of the Redlich-Kwong (1949) equation
of state (SRK)

RT

P = -
v-b v(v+h)

(1-2)

where v = molar volume

temperature dependent term

<3}
n

o
i

constant
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can be used to relate pressure, temperature and volume. Thus the
fugacity coefficients can be evaluated by combining Eqs. (1-1) and

(]'2)’

0.5
b. b- (]-k-.)(aca.)
Ing, = T1(Z-1) -1n(Z-B) + —g— [F‘- 2y LN - 1J x;|1n L"E—B
) (1-3)
where
P
A =25 (1-4)
R2r
_bP )
B = o7 (1-5)
< i 1/2
a —}1_,? X{% (1 kij)(aiaj) (1-6)
b =) x:b, (1-7)
1 1
-

kij = binary interaction parameter

To determine the values of the interaction parameters, only binary
equilibrium data are required. The method involves fitting kij to
experimental vapor-liquid equilibrium data and minimizing the differences
between the predicted and experimental values. Experimental data
reported by various researchers (Price and Kobayashi, 1959; Chang and
Lu, 1967; Stryjek et al., 1974; Poon and Lu, 1974) were used in
selecting the values of kij' The following values were selected for

the interaction parameter, k. _~ = 0.000, k = 0.010, k =

0.000, k = 0.035 and k = 0.120.

N.-C. = 0.035, kN -C 3

2°Y 2=ty N

2-C
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The system variables are pressure, temperature, liquid and vapor
composition. If temperature and liquid composition are taken as the
independent variables, then the pressure and vapor composition are
calculated by combining Eq. (1-3) which gives the fugacity coefficient

¢5 and the vapor-liquid distribution coefficient Ki’

it
L
1 - —*—— - ——V = '\V -
i ¢i f1
Y

The SRK equation, used as described, coupled with the interaction
parameters given above, yielded predictions that agreed well with
reported experimental VLE data for systems containing methane, ethane,
propane and nitrogen. The SRK predictions for one such system, methane-
ethane, are compared to experimental data in Figure 1-3.

The procedure to determine vapor-liquid equilibria compositions
can be used in conjunction with a mass balance to determine the temper-
ature of the residual 1iquid LNG as well as the composition of the
vapor evolved during the boiling of LNG on water.

For every component i in the mixture, a mass balance over a

differential period of time can be written:

-d(xiL) = yidV (1-9)
where L = number of moles in the liquid phase
V = number of moles in the vapor phase
Since dL = -dV, Eq. (1-9) can be rewritten as
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dL i
T - (1-10)
L Yi = %

In an evaporation process dL is negative. A more convenient

variable to be used is the moles evaporated di,
dl = -dL (1-11)

which is positive. Equation (1-10) can be approximated by a difference
equation, which incorporates the moles evaporated di,
AL i
- (1-12)
L Yi = %y
provided that small enough values of AL are used. During spills of
LNG on water, experimental data were recorded at At = 1 s intervals.
In Eq. (1-12), at any time 7, L, x, and y; are known. For instance,

i

at t = 0 s,L is the number of moles in the initial charge of LNG, X;
the mole fraction of £ in this charge and Y; the mole fraction of 4

in the vapor in equilibrium with the given composition for the liquid.
Furthermore, Af can be determined from the experimentally-measured mass
that was evaporated, during the period of time At. Thus the only

unknown in Eq. (1-12) is the value of x; at time T + AT,

xi(e+an) = (o) - Mmoo opy ) o)1 -1

Results
The values predicted by the VLE model, using Eq. (1-13), the

experimentally-measured mass evaporated and the SRK equation, are
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compared to experimental data in Figures 1-4 and 1-5. As was expected,
a preferential evaporation takes place. The initial saturation temper-
ature is close to that of methane (111.7 K), and methane evaporates
preferentially. Once it has been nearly exhausted in the residual
1iquid, the saturation temperature begins to rise approaching the
boiling point of ethane (184.5 K). Ethane, then becomes the major
constituent of the vapor. Finally, after the ethane has been depleted,
a propane layer is left boiling at the propane saturation temperature
(231.3 K).

The close agreement between the experimental data and the predicted
values assuming vapor-liquid equilibria proves the validity of the
assumption. Thus the VLE model, described above, can be used to deter-
mine the vapor composition and the saturation temperature of the

residual liquid.

Boiling of LNG on Water

Pure hydrocarbons, methane, ethane and propane were spilled on
water and the mass evaporated was recorded as a function of time.
Similarly, tests were carried out with binary mixtures of methane-
ethane and ethane-propane and with ternary mixtures of methane-ethane-
propane. Finally, the effect of small amounts of nitrogen added to
methane and LNG was also studied (nitrogen is occasionally present in

small amounts <2% in LNG).
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Results

The mass of methane evaporated as a function of time is shown in
Figure 1-6. As can be seen, methane evaporated slowly at first but
then the rate of evaporation increased and reached a peak after about
40 seconds (Figure 1-7). Ice patches began to form after a few seconds
(v5 s) and these grew radially, eventually covering the water surface
(~v20 s).

Ethane displayed initial boiling rates (and heat fluxes) higher
than those for methane. As in the case of methane, the boiling rates
increased with time reaching a peak after about 15 seconds. Subse-
quently, the boiling rates decreased significantly. Ice formation took
place at a faster rate than with methane.

Propane boiled very rapidly during the first few (v5) seconds.

The boiling rates then dropped to considerably lower values. Highly
irregular ice was formed very quickly (<1 s).

Methane-ethane mixtures (0.80 s XC] $ 0.985) displayed high
initial boiling rates. These rates increased with time reaching a peak
within 10 to 25 seconds. A layer of ice covered the water surface in
about 5 seconds. Extensive amounts of foam were generated.

When methane-ethane-propane mixtures were spilled on water,
rapid boiling took place in the first few seconds and was accompanied
by extensive foam, 10 to 15 cm high. In most cases, the maximum
boiling rate was achieved within the first 8 seconds; the boiling
rates then decreased with time. In many tests secondary peaks in the
boiling rates were observed; their magnitudes were, however, much lower

than the initial peak. These effects can be seen in Figures 1-8 and 1-9.
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The addition of small amounts of nitrogen to methane and to methane-

ethane-propane mixtures did not affect their boiling rates significantly.

Discussion 0f Results

Upon initial contact with water, a surface at a temperature
approximately 180 K above its boiling point, methane film boils. The
insulating behavior of the film results in the low initial heat fluxes
observed. As energy is removed, the upper layers of water cool and
ice forms. The temperature of the ice surface continues to decrease
until the difference in temperature is no longer high enough to main-
tain stable film boiling. Transitional boiling begins and the heat
fluxes increase, reaching a peak when nucleate boiling (direct methane-
ice contact) is fully established. Thereafter, the heat fluxes, and
the boiling rates, decrease.

Initially, ethane transition boils on water. Nucleate boiling,
and the peak boiling rate, is attained faster than with methane.
Propane, with a saturation temperature only 42 K below the freezing
point of water, nucleate boils upon initial contact. The heat flux,
and boiling rates, are therefore highest at the initial contact time.

The evaporation of mixtures is a far more complicated situation.
In addition to shifts in boiling regimés, one must consider the change
in composition and saturation temperature of the residual liquid as
preferential evaporation of the more volatile components takes place.

Consider a binary mixture of 90% methane and 10% ethane. The
saturation temperature is close to that of methane. As in the case

of pure methane, a vapor film is formed. As a vapor bubble is formed,
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the 1liquid at the base of the bubble becomes depleted in methane since
the vapor bubble is made up primarily of the most volatile component.
The 1iquid remains essentiallyisothermal but a thin liquid layer at
the base of the bubble has changed significantly in composition (heat
transmission and evaporation being much faster than diffusional mass
transfer). This means that for this thin 1iquid layer to be in equi-
libria the pressure must drop. Or in other words, the vapor pressure
of this thin layer at the base of the bubble becomes less than one
atmosphere. As some of the vapor in the film evaporates into the
growing vapor bubble, the low vapor pressure of this thin surface layer
hinders the replenishment of the vapor film. Thus, the vapor film
collapses. The bubble pinches off and carries in its wake the ethane-
rich layer which then mixes with the bulk of the liquid. Fresh liquid
rushes in and a temporary liquid-liquid contact is made which ajlows
for high heat fluxes. The vapor film is reformed and the cycle begins
again. The direct contact causes the water and the ice, when formed,
to cool more rapidly. Soon, the surface temperature of the ice drops
enough that the difference in temperature with the boiling liquid is
no longer large enough to regenerate the film, and nucleate boiling is
established. Thereafter, the heat fluxes and boiling rates begin to
decrease. |

In the case of mixtures richer in heavier hydrocarbons, the decrease
in vapor pressure is even more dramatic, so the film around a bubble
collapses more easily, and the peak flux can be attained at shorter

times.
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This theory presents a plausible mechanism to explain why there
is an increase in initial boiling rates upon addition of heavier
hydrocarbons to methane.

The eventual enrichment of the bulk liquid in heavier hydrocarbons
due to the preferential evaporation of methane plays a very important
role in the latter part of the boiling process. The saturation temper-
ature of a mixture of methane and ethane, for instance, will not change
appreciably until the residual methane is less than about 20%. The
saturation temperature then quickly rises to the saturation temperature
of ethane.

Consider again the 90% methane, 10% ethane mixture spilled on
water; after the ice has formed it begins to cool and approach the
saturation temperature of the mixture. The bulk of the liquid is
being depleted in methane and when nearly all the methane has evaporated,
the saturation temperature of the cryogen begins to increase towards
that of pure ethane. Considering the situation from the ice point of
view, its surface is placed in contact with a body at a very low
temperature. As the surface of the ice is approaching this low temper-
ature, the temperature of the cold body begins to increase. Obviously,
this upsets the temperature gradient near the interface resulting in
very low heat fluxes. a

Furthermore, the residual liquid must be warmed to the (continuously
increasing) saturation temperature. Thus, most of the modest amount of
energy being transferred goes into heating the residual mixture and
very little into actual evaporation. The overall result is a very low

rate of evaporation.
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A similar situation develops with methane-ethane-propane mixtures.
Once the methane is depleted, the mixture is primarily ethane and propane.
A new plateau in saturation temperature is reached, and the heat flux
preferentially evaporates ethane, yielding a secondary, small peak in
the boiling rate. The difference in volatility between ethane and
propane is not as drastic. Thus, although the behavior upon exhaustion
of ethane will be similar to the previous exhaustion of methane, it is

not as pronounced; in fact, a third peak is not necessarily expected.

Heat Transfer Models

The first step in a scheme to predict the evaporation of LNG on
water is to determine the amount of energy that is transferred across
the water (ice)/LNG interface. This can be accomplished by solving
the equations for transient conduction involving solidification
(Stefan's Problem). In the present case, the boundary condition at
x = 0 (water/ice-LNG interface) must yield the temperature at that
point. Since a vapor film is formed initially, the temperature at
x = 0 will not reach the temperature of the cryogen until the film

collapses.

Regression of Surface Temperatures by Using Convolution Integhals
Pure methane was spilled on a solid block of ice and the following
convolution integral was used to determine the ice surface temperature

as a function of time:
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8(0,7) = f aM)(x - 17172 4 (1-14)

which can be rewritten as follows

2Vt 2
6(0,1) =]F ﬁf q(t - 1‘4—) du (1-15)

™

0
where 6 is the change in surface temperature from the initial ice
temperature and k and o are the temperature-averaged thermal conduc-
tivity and diffusivity of ice, respectively. The experimental values
of heat flux (evaporation rate x heat of vaporization) were used in
the integrand. The results are shown in Figure 1-10.
Similarly for methane spilled on water, the following convolution

integral was used.

f (K 2/(1
8(0,1) = erf B/ ) f q(r - -—-) du (1-16)

where 6 is the departure of the surface temperature from the freezing
point, k] and @) are the temperature-averaged thermal conductivity and
diffusivity, respectively, of ice. B8 is the ratio of the density of
water to that of ice and K is a parameter which depends on the properties
of ice, water, heat of fusion of ice, water and cryogen temperatures.
Again the experimental heat fluxes, q, are used in the integrand. The
results are shown in Figure 1-11.

As can be seen in these figures, the surface temperature drop can
be approximated by a linear drop over a period of time Tef? the time

for the total collapse of the vapor film.
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Variable Grnid Size Heat Transfer Model

In order to allow for the time-varying surface temperature con-
dition, and for the variation in thermal properties of ice with
temperature, a numerical, variable grid size heat transfer model was
developed. In such a model, the differential equations are replaced
by difference equations.

The substrate of thickness E is, at all times, divided into an
ice layer of thickness e, and a water layer of thickness E - e. In
turn, each layer is divided into m points. Consequently, the spacing
between grid points in the ice layer will be Axs=e/m and in the water
layer pX) = (E - e)/(M - m) where M is the total number of grid points
equal to 2 m. As time progresses, the depth, e, of the freezing front
increases but the freezing front always corresponds to the m-th grid
point.

The movement of the freezing front is given by

- 49 + 36 6 - 40 + 360

2(e/m) w 2(E-¢e)/(M-m)

The temperature at the n-th grid point in the ice layer is given by

dey, _n (en+l B en—]) de 1 (kn—][2(en-1 - 0,) - kn+1/2(en - en+1)>
e 2

—_ A
dt dt pnCpn (e/m)2

(1-17)

and in the water layer by
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a8 _ M-n <8n+1 ] 6n-]) de , . (en-l t2e, ¢t en+1> (1-18)
dt E-e 2 dt W (E-e)2/(N—m)2
Finally,
€ 4ar = & t At de/dr (1-19)
and
O, c4ar = Op,o T AT de /dt (1-20)

The properties of ice are allowed to vary with temperature,
whereas those of water were taken as constants since they vary little
in the range of interest.

Making use of the results obtained with the convolution integral,
the temperature at the surface is allowed to approach the cryogen
temperature linearly over a period of time Tef

The model as described thus far, can be used only with pure
components. For mixtures it must be coupled with the VLE model
previously described. The VLE model provides the Variable Grid Size
(VGS) model with the cryogen temperature. The VGS model computes the
total heat flux across the substrate/cryogen interface. After sub-
tracting the heat required to raise the temperature to the new satur-
ation temperature, the mass evaporated is determined. This evaporation
is fed to the VLE model which then determines the new residual liquid
composition and saturation temperature. The cycle is then repeated.

The results obtained with the VGS/VLE HTM for a binary methane-

ethane mixture and for an LNG mixture are shown in Figures 1-12
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Propane Mixture on Water (R-20).
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through 1-15. The VGS/VLE HTM predictions agree well with the experi-
mental data; thus reinforcing the qualitative explanations previously
given.

The only variable parameter in the model, Tofs the time for the
collapse of the vapor film, has been correlated as follows

0.2 0.1
T . =45 x. - 40 x."“- 10 x (s)

where x's are mole fractions. The following restrictions are made:
rcf,zo,and it should only be used within the LNG compositional range
< 0.10).

C
3
Thus, the VGS/VLE HTM model becomes the first successful scheme

(x. = 0.20, x
G,
to predict a priori, the evaporation of confined spills of LNG on

water.

Conclusions
The following conclusions are made regarding the evaporation of

confined spills of liquefied natural gas (LNG) on water.

® Methane film boils on water until the ice layer which forms cools
sufficiently to promote nucleate boiling. The heat fluxes, and
boiling rates, increase with time until nucleate boiling is achieved,
thereafter they decrease.

® NG mixtures undergo a preferential evaporation of the more volatile
components. This evaporation causes a rise in the saturation temper-

ature of the residual liquid. The composition of the vapor and the
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residual Tiquid, as well as the saturation temperature, can be deter-
mined from vapor-liquid equilibria and mass balance considerations.

® | NG mixtures film boil on water upon initial contact. The prefer-
ential evaporation of methane causes a drop in the vapor pressure of
the liquid at the base of the bubbles being formed; such a pressure
drop results in the collapse of the vapor film around the bubble.

® The higher the heavier hydrocarbons content in the LNG mixture, the
faster the vapor film collapses and the sooner nucleate boiling is
established.

® As methane is exhausted, the saturation temperature increases,
causing a decrease in the heat flux across the ice/LNG interface.
Furthermore, most of the energy transferred at this time goes into
warming up the cryogen to the rising saturation temperature.

® The decrease in the surface temperature of the substrate, approaching
the cryogen temperature, may be approximated by a linear drop over a
period of time Tefr This period of time Tof is a function of the
chemical composition of the cryogen.

® Based on the above considerations, a heat transfer model that draws
information from the vapor liquid equilibria model has been developed.
This model predicts successfully the evaporation of confined spills
of LNG on water.

Now that the effect of composition on the boiling of LNG on water
is understood, research efforts can be directed towards the determination
of the effect of spreading and wave motion on the boiling of LNG in an

open sea spill.
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II. PREVIOUS WORK RELEVANT TO THE BOILING OF LNG ON WATER

Regimes of Boiling

When a liquid at its saturation temperature contacts a hot surface
at a temperature above that of the liquid, a phase transformation from
liquid to vapor, i.e. boiling, takes place. This phenomenon is known
as saturated or bulk boiling as opposed to subcooled or local boiling
in which the bulk of the liquid is below the saturation temperature.

If the temperature of the hot surface is only slightly above the
saturation temperature of the 1iquid, heat transfer takes place by
convection and evaporation occurs at the free surface of the liquid.
Increasing the hot surface temperature causes the 1iquid near the hot
surface to superheat slightly; bubbles form at the hot surface and rise
through the liquid. This form of boiling is called nucleate boiling.
In this regime the boiling liquid is in direct contact with the hot
surface, and its boundary layer is intensely disturbed by the vapor
bubbles. Furthermore, as the bubbles detach and begin to rise, they
drag some superheated liquid from the layer adjacent to the hot surface
into the core of the rising stream, creating an intensive macroscopic
transport of heat from the hot surface into the bulk of the boiling
liquid. Thus, essentially all the heat is transferred directly to
the 1liquid which divests itself of the energy by evaporation into the
vapor (Kutateladze, 1963). The bubbles in this regime are formed at
certain favored spots on the surface, the so called active sites or
cavities; some gas or vapor is present in these active sites. Upon

heating, the vapor pocket grows by evaporation at the liquid-vapor
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interface near the heated wall. As a bubble pinches off and detaches
from the surface, some vapor is trapped in the cavity. This vapor
initiates the generation of a new bubble (Rohsenow and‘Choi, 1961).
For a spherical bubble of radius R, the 1liquid and vapor pressures
are related by equilibrium thermodynamics.
Pvap ~ P1ig © %g
Using the Clausius-Clapeyron equation, it can be shown that the vapor
temperature for such a bubble is
Ty = Tsat (] * %g'é!;;g')
AH
A minimum degree of superheat is then required for the generation of
bubbles in a given cavity. As the temperature of the heating surface
is increased, more and smaller nucleation sites are activated, thus
increasing the rate of bubble production. This increase in bubble
generation as well as the macroscopic agitation near the hot surface
are responsible for the high heat fluxes observed in this regime. The
increase in heat flux does not continue indefinitely. As the bubbles
depart dragging some superheated liquid, a mass of cold 1iquid must
flow from the bulk to the hot surface. When bubble generation is large
enough that their rise interferes with the flow of the replenishing
1liquid, a blanket of vapor essentially covers the hot surface. In
most boiling studies an electrically heated filament is used as the

hot surface; the formation of a vapor blanket decreases the heat
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transfer to the liquid and the filament temperature increases from point
a towards point ¢ in the boiling curve shown in Figure 2-1. Generally
the temperature at point ¢ is higher than the melting point of most
metals and the wire melts before reaching this point. Thereafter,
point a is called the burnout point or peak nucleate flux (Rohsenow
and Choi, 1961).
Increasing the temperature of the heating surface past point b
results in a stable vapor blanket; this is the film boiling regime.
Heat must be transferred through the vapor film and the vapor bubbles
are formed at the vapor film-boiling liquid interface. The low thermal
conductivity of the vapor is responsible for the low heat transfer
rates observed in the film boiling regime. The lowest temperature
capable of sustaining a stable film is called the Leidenfrost point.
Between the nucleate burnout and the Leidenfrost points lies the
transition regime, in which the vapor film collapses intermittently.
The random nature of the collapse of the film makes this regime extremely

hard to characterize.

Effect of Surface Roughness on Pool Boiling

The degree of smoothness of the heating surface affects the
boiling characteristics in the nucleate regime. There is both a
change in position as well as slope of the nucleate boiling curve.

As shown in Figure 2-2, the nucleate regime expands to higher temper-
ature differences for smoother surfaces and the transition regime

shrinks. But, the film boiling regime remains essentially unaffected.
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Berenson (1960, 1962) carried out a comprehensive study of the
effect of roughness on boiling characteristics. The results, presented
in Figure 2-3, clearly show the shift in the nucleate regime. The
term roughness used in reference to boiling surfaces can be misleading
since it often has the implication of mechanical roughness finish,
i.e., the greater the rms roughness height, the greater the roughness.
A rough surface, with regard to boiling, is that which has a large
number of cavities of appropriate size for nucleation, regardless of
the mechanical roughness (Berenson, 1960). As indicated previously,
for a cavity to be active it must contain some entrapped vapor. If
the cavity is too small, it will need a large superheat to be activated;
if it is too large, it will not be able to entrap any vapor. The
difference between mechanical and boiling roughness is clearly illus-
trated in Figure 2-3. The lapped surface was mechanically smoother
than either of the emery-finished surfaces, yet the boiling character-
istics correspond to those of a "rougher" surface. The lapping com-
pound contains small pieces of grit suspended in oil which essentially
saturate the surface with small cavities. This condition, while
corresponding to a small rms roughness, is ideal for bubble nucleation
(Berenson, 1962).

Although there is general agreement in the shift of the nucleate
curve with surface conditions, such is not the case with the peak
nucleate flux. Berenson concludes that the peak flux is, for practical
purposes, independent of surface material, roughness and cleanliness.

Porchey et al. (1972) report increases by as much as 50% with increasing



Q/A GW/md

100

10

-64-

Illl]

|

llfl'lll ! 1 lllllll I T T

® Run3l, Emery 320
® Run 32, Emery 60
o Runsi7&22,LapE

O Runs 2&3, Mirror
Finish —

L4 L1 11

lllll

lllJlll Il | IlJlllI | ] Il

10 100

Twall - Tsaturation (K)

Figure 2-3 Effect of Roughness on Boiling

Characteristics. Pentane Boiling
on Copper (Berenson, 1962)



-65-

roughness on surfaces characterized by scanning electron microscopy.
A closer look at Berenson's results (Figure 2-3) will reveal a change
in the peak flux of 20% with surface conditions. Tong (1965) surveys
the literature and indicates that changes of as much as 50% are reported
particularly in cases involving oxidized heating surfaces. It is
apparent then that a change in the maximum nucleate flux might be
expected; however, it is unlikely that such a change will exceed 50
percent.

Berenson's work indicates that the film boiling regime is indepen-
dent of the surface roughness unless this roughness is great enough to
disturb the vapor film. This is to be expected, since in film boiling

bubble formation does not originate in the surface cavities.

Boiling of Liquid-Liquid Interfaces

In most applications boiling takes place on a hot solid surface;
consequently, the thrust of boiling studies has been on the boiling of
a liquid from a solid surface. Very Tittle is known about the boiling
of a liquid in contact with a denser, immiscible and hotter liquid.

The mechanism for boiling in the latter case is by far more complicated.
Microscopically, the hot fluid surface is smooth and provides very few
nucleation sites. Such "surface smoothness" can cause large shifts

in the nucleate and transition portions of the boiling curve. Further-
more, if the cold liquid boils at a temperature lower than the freezing
point of the hot fluid, a third solid phase could form between the two

liquids. Complications arise not only due to the change in characteristics
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of the heating surface but also due to a new thermal resistance.

The mobility of the heating surface increases the complexity of the
system since heat transfer in this layer can take place by conduction
as well as convection.

Fortuna and Sideman (1968) determined heat fluxes between immis-
cible liquid layers with simultaneous boiling and stirring. Pentane
was boiled on the top of a water layer, which in turn, was heated by
a brass, chrome plated heating surface. Independent stirrers were
used for the agitation of each phase. Fortuna and Sideman's results
are compared to those reported by Berenson (1962) and Novakovic and
Stefanovic (1964) in Figure 2-4. Berenson's experiments were on solid
surfaces of varying degree of smoothness. Novakovic and Stefanovic
studied the boiling of pentane on a mercury surface. Theoretically,
as the surface becomes smoother, the nucleate boiling curve should
shift to the right. This shift is in fact observed in Figure 2-4.
Mercury has thermal properties intermediate between those of a normal
liquid such as water and solid metal, thus the curve for pentane boiling
on water is expected to shift to the right of metal and mercury surfaces.
However, the double stirrer agitation in Fortuna's experiments would
tend to increase the heat transfer for a given AT thereby counteracting
the shift in the nucleate curve that would otherwise occur. Further
analysis is very limited, particularly concerning the maximum nucleate
boiling heat transfer since Fortuna and Sideman, as well as Novakovic
and Stefanovic, had physical limitations; either the bottom layer would

begin boiling or the boiling in the upper layer became vigorous enough
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to disrupt the thin bottom layer. The most important point, however,
has been demonstrated by the experiments of boiling on solid and liquid
surfaces: nucleation on a smooth liquid surface can occur at higher

AT's than on a rough solid surface.

Boiling Heat Transfer to Liquid Mixtures

Van Wijk et al. (1956) investigated the effect of concentration
upon the maximum heat flux in nucleate boiling. Mixtures of methyl
ethyl ketone and water yielded a maximum value for the burnout nucleate
heat flux at a concentration of 4.2 weight percent methyl ethyl ketone.
This heat flux was 150% higher than that for pure water. Figure 2-5
shows the peak nucleate heat fluxes as a function of composition. The
boiling of mixtures of 1-pentanol and water are illustrated in Figure 2-6.
A second peak was observed at high alcohol concentrations. Acetone-
water and 1-butanol-water systems also exhibited two peaks.

The onset of film boiling is aided by large bubbles merging in
the neighborhood of the surface. Thus, the smaller the average size
of the bubbles leaving the heating surface, the more the onset of film
boiling is shifted towards a higher heat flux. For a pure liquid the
vapor bubbles, which are at their dew point, continue to grow during
their passage through the bulk of the superheated liquid. For a
mixture the dew point of the vapor bubbles is the same as the boiling
point of the remainder of the mixture. Since the liquid is locally
being depleted of the volatile component, the dew point of the bubbles

is higher than the boiling point of the original mixture. As the



Q/A (kW/m?)

2000

1600

1200

800

400

-69-

20 40 60 80 100
WEIGHT PERCENT M.E, KETONE

Figure 2-5 Peak Nucleate Heat Fluxes for Water-
Methyl Ethyl Ketone Mixtures (Van Wijk, 1956)



Q/A (kW/m2)

2000

1500

1000

500

-70-

2500

0 L | | | | ] | ]

0 20 40 60 80
WEIGHT PERCENT 1-PENTANOL

Figure 2-6 Peak Nucleate Heat Fluxes for Water-
1-Pentanol Mixtures (Van Wijk, 1956)

100



-71-

bubble travels upward through a mass of superheated liquid of the
original composition, a point is reached in which the dew point of the
bubble equals the temperature of the bulk superheated liquid. At this
location, the driving force (Tbulk - Tbubb]e) becomes zero and only
diffusional interchange takes place. This mechanism results in the
size of the bubble being considerably smaller than for pure boiling
liquids.

In cases in which the mixture forms are azeotrope, two peaks in
heat flux are expected since the component that is the more volatile
at one side of the azeotrope becomes the least volatile at the other
side. Such was the case with 1-butanol-water and 1-pentanol-water
mixtures. The second peak reported for the acetone-water system could
not be explained by this theory since this system does not form an
azeotrope.

Although Van Wijk's theory for the boiling of a mixture explains
the slowing down in the growth of an individual bubble, it does not
explain why the bubbles do not merge together.

Hovestreijdt (1963) proposed an interesting explanation for the
increase of maximum heat fluxes in mixtures. Aside from the slowing
down of bubble growth considered by Van Wijk, he considered the influence
of surface phenomena on the boiling of mixtures. As the volatile com-
ponent evaporates, the 1iquid in the immediate neighborhood of the
bubble becomes deficient in this component. A concentration gradient
originates and diffusion from the bulk liquid takes place. However,

if two bubbles are close together, the diffusion of volatile component
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from the bulk to the zone between the bubbles becomes limited. If the
surface tension of the more volatile component happens to be the lower
one (positive systems), there is then an increase of surface tension

at the bubble walls between the bubbles. Liquid is drawn between the
bubbles as a consequence of the surface tension gradient (Marangoni
effect) thus stabilizing the bubbles against merging. A similar effect
would take place at the heating surface since replenishment of the
volatile component also becomes highly limited. Furthermore, for a
positive mixture, the bubbles are pinched off at a smaller diameter due
to the surface tension gradient at the base of the bubbles that draws
1iquid between the bubble and the heating surface. Through this effect,
the frequency at which bubbles are generated at an active site increases,
thus increasing the heat transfer at the wall. The bubble stabilization
at the wall also retards the onset of film boiling.

Hovestreijdt found that the stabilization of bubbles in positive
mixtures not only increased the heat flux but it caused foaming at the
liquid surface. This foam is only an indication that a large number of
small bubbles are being generated and stabilized against merging. The
foam in itself does not affect the heat flux.

The surface-tension effect explained the presence of the maximum
for the burnout nucleate boiling flux in a mixture for a number of
systems. It failed, however, for the methanol-heptane system in which
case the surface tension decreased as evaporation took place and yet a
peak in the heat flux was observed. Similarly, Van Wijk's theory

explained the observations for this last system and some others, but it
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also failed in some cases. It is quite possible that both effects can
be present simultaneously. The relationship between the two, co-operating
or counteracting, is unknown and needs to be investigated.

Van Stralen (1966, 1970) modified existing theories for the expla-
nation of the "boiling paradox" (coincidence of the maximal peak flux
and a minimal bubble growth rate) and proposed a new "relaxation micro-
layer" theory for nucleate boiling. According to this theory, bubble
formation is a relaxation phenomenon resulting from the superheating of
the thermal boundary layer at the heating surface. This thin liquid
layer is periodically pushed away from the heating surface due to the
rapid initial growth of succeeding bubbles on active sites. Colder
liquid at saturation temperature flows to the surroundings of the
nucleation site and is superheated during the delay time before formation
of a new bubble. Based on Van Wijk's theory, Van Stralen shows the
occurrance of a maximum in bubble frequency at the peak flux. Convection
is augmented by the action of the bubbles and the heat flux increases.

A combination of the theories formulated by Van Wijk, Hovestreijdt and
Van Stralen provide a satisfactory qualitative explanation for the
maxima in peak nucleate fluxes observed at some intermediate composition
in boiling mixtures.

The surface tension effect (Marangoni effect) at the heating
surface causes the bubbles to be pinched off at a small diameter. Thus
the frequency of bubble generation at an active site increases. As the
bubble is quickly formed and released, convection is augmented; this

results in an increased heat flux.
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Furthermore, the growth of these small bubbles is hindered by
Van Wijk's equilibrium considerations and their coalescence prevented
by the Marangoni effect. As a consequence, the formation of a vapor
film is retarded to higher AT's thus allowing higher peak nucleate
fluxes.

Film boiling of binary mixtures was studied by Van Stralen et al.
(1972). As noted earlier, Van Wijk showed that a 4.2 weight percent
methyl ethyl ketone in water mixture exhibited a maximum nucleate boiling
flux 150% higher than that for pure water. For the same mixture
Van Stralen was able to reach film boiling fluxes exceeding the value
of the peak nucleate flux by a factor of two. Similarly, the maximum
film boiling flux attained (the heating element burned out) for this
4.2 weight percent methyl ethyl ketone exceeded the maximum film boiling
flux attained with pure water by a factor of two. The increased heat
fluxes of the mixture in comparison with pure water were said to be
due to mass diffusional effects and ultimately to an increase of the
boiling temperature of the 1iquid in the immediate neighborhood of
the vapor film. Such an increase in temperature is due to the local
exhaustion of the more volatile component in the liquid. A temperature
gradient is established in an adjacent 1iquid layer causing a heat
flow in the direction of the bulk liquid. Van Stralen observed that
the direct vapor production at the film in pure liquids accounts for
95% of the total heat flux (radiation heat excluded). However, for
4.1 percent methyl ethyl ketone it accounted only for 53%. Apparently
the rest of the heat flux is transmitted through the vapor film into the

bulk of the liquid by the temperature gradient above mentioned.
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Boiling of Cryogenic Liquids on Solid Surfaces

The use of cryogenic liquids in nuclear reactors, rocket engines
and some industrial processes as heat transfer fluids motivated the
study of their heat transfer properties. The discussion here shall
be restricted to those fluids of interest, namely liquid nitrogen and
Tiquefied hydrocarbons.

Nucleate and film boiling of nitrogen was studied by Park et al.
(1966). An electrically heated, gold plated, cylindrical assembly was
used as the heating element. The heat flux and temperatures were
measured under steady state conditions. Park's results at atmospheric
pressure are compared to those reported by Lyon (1968), Bewilogua et al.
(1975) and Ackermann et al. (1976) in Figure 2-7. Lyon's experiments
were conducted on a flat, horizontal, platinum plated surface.
Bewilogua et al. used a horizontal copper disk for their heating
surface while Ackermann et al. made use of a horizontal cylinder, the
material of which is not specified.

The nucleate data is rather consistent, with the exception of
Lyon's. Although the geometry of the heating surface has an effect
on the heat flux (Ackermann et al., 1976; Tong, 1965), the discrepancy
with Lyon's data seems too large to be accounted for only on geometrical
grounds. Furthermore, Kosky and Lyon (1968) indicated the choice of
platinum as the heating surface was an unfortunate one due to the
possible formation or decomposition of a surface layer of platinum
oxides and adsorption of oxygen. The reproducibility of Lyon's data

was very poor. On these grounds one should pay limited attention to



Q/A (kW/m?)

1000

g

10

w

- I { T Tt ] | T [ I I 1T T T T L]
- 1 Ackermann (Cylinder)
- 2 Bewilogua (Copper Plate) 7
B 3 Lyon C(Platinum Plate) ]
= 4 Park (Gold Cylinder)
| 4 —
- 1 -
’— —
u ]
i { | L4 1 111 l | | Lt 111 [I ] | 1.1 1.1 I—
1 10 100
AT (KD

Figure 2-7 Boiling of Liquid Nitrogen on Solid Surfaces at Atmospheric Pressure

_gz.-



-77-

Lyon's data. Only two investigators, Park and Ackermann, covered the
film boiling regimes, both in a cylindrical configuration. From the
above data it can be concluded that the nucleate burnout flux for
nitrogen is around 150 kW/m2 corresponding to a AT of 6 K and the
Leidenfrost flux is about 15 kW/m2 corresponding to a AT between 30
and 55 K.

Park and Lyon also studied the boiling of methane on the same
gold and platinum plated surfaces used for the boiling of nitrogen.
In addition, Sciance et al. (1967-c) investigated the pool boiling of
methane on a gold plated cylinder, Kravchenko et al. (1975) using a
vertical stainless steel tube and Ackermann (1976) with a horizontal
cylinder. Their data, at atmospheric pressure, are shown in Figure 2-8.
For the same reasons given in the discussion of nitrogen data, Lyon's
results are questionable. Considering Sciance's and Kravchenko's
results, the nucleate burnout for methane boiling on a horizontal
surface is about 220 kW/m2 corresponding to AT's of 13-16 K. In turn
Sciance's and Ackermann's film boiling data yield a Leidenfrost flux
of about 25 kW/m2 for a AT of 70 K. Although Park's data were taken
at 1.65 bar, it is shown so as to compare the fluxes at the Leidenfrost
point. Seven pressure lines (range 1.65 - 36 bar) converged to the
same minimum £ilm boiling flux of 55 kW/m at a AT of about 150 K.
Due to the equipment design, it is possible that the internal cooling
coils used (with liquid nitrogen) caused the bulk of the liquid to be
subcooled. Since Park used (Thot surface " T]iquid) as AT (Thot - Tsat)’
the reported AT would be higher for the same heat flux. In addition,

a thermal surface resistance was neglected in computing the surface
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temperature of the heating element. Nevertheless, as pointed out by
Sciance, these errors could add up to 2-3 K, which is significant for
the nucleate regime but not for film boiling.

As it will become more apparent in the next section, small amounts
of heavier hydrocarbons can cause significant changes in the boiling
fluxes. Unfortunately, the extent to which this factor could be
responsible for the above discrepancies cannot be determined since only
two investigators reported the purity of materials used; Sciance, 99.7
mole percent methane; and Lyon, 99.95 percent methane.

The above information leads to the conclusion that not enough data
is available to specify the heat flux and corresponding AT at the
methane Leidenfrost point with any degree of certainty.

Sciance et al. (1967a) studied the nucleate boiling of ethane on
a gold plated cylinder. Wright and Colver (1969) studied ethane-
ethylene systems on the same heating element used by Sciance. Sliepcevich
(1968) presents the only data available on film boiling of ethane. The
corresponding boiling curves are shown in Figure 2-9.

Liquefied natural gas and liquefied petroleum gas were tested at
various pressures by Brown (1967). The results for LNG are compared
to methane curves in Figure 2-10. Due to equipment limitations,
nucleate burnout for LNG was not achieved. For the same AT LNG exhibited
higher nucleate fluxes. However, at a flux of 100 kw/m2 the slope for
LNG tends to flatten out, whereas that for methane remains quite steep
with the heat fluxes for methane becoming higher than those for LNG.

In film boiling the LNG curve almost overlaps Sciance's methane curve.



Q/A (kW/m2)

1000

100

10

| llllllll I LR | LI B

I

1 1|

1 Sciance —
2 Wright _
3 Sliepcevich
- b
1

2 3, |
3 =
Lo vl Lt Ll

1 10 100

AT (K)

Figure 2-9 Boiling of Ethane on a Gold Plated Surface at Atmospheric Pressure

_08-



Q/A (kW/m2)

1000

100

10

- { I [ LR R ] | IR R I { ] | IR LR
— LNG Composition LNG (Brown) -
: Mole % S~ Methane —
¢ 8747 _

C, 433
B C; 163 \J
| Gy 0.75 \d ]

Cs“" 1.19 g

Ny+CO, 4.71 %

st
- 7
= O /7 —
[ =~ / ]
— % 4 —
| % ‘Q\‘? .
N
& S
| > -
Ll RN L 11l

1 10 100 1000

AT (KD

Figure 2-10 Boiling of LNG and Methane on a Gold Plated Surface at Atmospheric Pressure

-18_



-82-

The Leidenfrost point for LNG was quite high, 210 K, compared to Sciance's
value for methane of 70 K. Although the bulk of the 1iquid might have
remained at a constant composition, the layer in the immediate neighbor-
hood of the heating surface will become deficient in methane as it is
the main constituent of the vapor bubbles due to its high volatility.
Thus, a thin Tiquid layer becomes enriched in heavier hydrocarbons.

The saturation temperature of this layer increases with a subsequent
decrease in AT, which is no longer high enough to maintain a stable

film and, consequently, the film collapses. This theory then explains
why the LNG Leidenfrost point reported by Brown is so much higher than
that for pure methane.

A similar comparison is made between LPG (a mixture of mainly
propane and higher hydrocarbons) and propane curves in Figure 2-11.

For a given AT, the nucleate heat fluxes for LPG are about twice as
high as those for propane.

Clements (1973) studied pressure and composition effects in steady
state pool boiling of propane, n-butane, n-pentane and their mixtures.
It must be pointed out that the AT's were based on the temperature of
the bulk liquid rather than the saturation temperature. Unfortunately,
the pressure in all cases was above atmospheric and therefore the
results are of limited use in this study. Nevertheless, the effect of
composition on the boiling of propane - n-butane mixtures is shown in
Figure 2-12. A cross-plot of AT and composition is shown in Figure 2-13.
Similar results were observed by Wright et al. (1971) who experimented

with mixtures of ethane and ethylene. AT was a maximum at some
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intermediate composition of the mixture. Furthermore, it was found
that this maximum occurred when the difference in composition between
the 1iquid and the corresponding vapor in equilibrium was a maximum.
The same observation is made by Ackermann et al. (1976) for nitrogen-
methane mixtures.

A11 of the above observations resemble the results reported by
Van Wijk, Hovestreidjt and Van Stralen for boiling mixtures. And the
occurrence of a maximum in the nucleate fluxes as a function of chemical
composition can be explained by exactly the same theories that explain

the boiling of 1iquid mixtures in the previous section.

Boiling of Cryogenic Fluids on Water

Increases in marine transportation of cryogens motivated several
studies trying to determine the safety of such transportation.

Burgess et al. (1970, 1972) conducted an investigation to evaluate
the hazards associated with the spillage of LNG on water. Spills were
made both in a confined and unconfined area.

A 61 x 30.5 x 30.5 cm aquarium was used in the confined spills
(1970). The aquarium was placed on a load cell and the time observed
when each 50 g loss occurred. Four to eight Titers of cryogen were
spilled on 19 liters of water. These quantities correspond to initial
(non-boiling) hydrostatic heads of 2.15 to 4.30 cm. Table I shows the
experimental results.

For the first 20-40 seconds, the boiling rate of LNG was relatively

constant with an average value of 0.018 g/cm2-s. The corresponding heat
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TABLE 1
BURGESS' RESULTS FOR BOILING OF CRYOGENIC FLUIDS

EVAPORATION HEAT FLUX
CRYOGEN SURFACE RATE g/cme-s KW/m?
Avg. Avg.
1970 20 sec. Max. 20 sec. Max.
LNG Water 0.018 0.030 92 153
LNG Ice 0.018 0.051 92 260
LNG Brine 0.019 0.025 97 127
LN2 Water 0.013 0.034 26 68
1972
LNG Water 0.015 77
LNG Al Foil 0.007 36
LN2 Water 0.016 32
LN2 Al Foil 0.013 26
LCH,/2.7 cm head Water 0.01 50
LCH4/4.0 cm head Water 0.012 61
LCH4/6.O cm head Water 0.016 82
LCH4 Al Foil 0.005 25

LNG composition:

1970: C

9, - 0 - + - 0
1 94.5%, C, = 3.4%, C3 = 0.9%, Cq = 1.2%

1972: C

+
] 92%9 Cz - 6.3%, C3 = 0-1%, C4 + 02 + N2 + COZ = ].6%
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fluxes were in the order of 92 kw/m2 (AHVa = 511 J/g). However, this

P
rate decreased after a layer of ice was formed. O0ddly enough, the
boiling rate of LNG on water, ice and brine was about the same. On

the other hand, in the unconfined experiments no ice formation was

noted and the boiling rate of LNG was nearly constant throughout the
run.

Similar confined spills using liquid nitrogen revealed a heat flux
of only 26 kw/mz. It was also observed that LNG foamed on water whereas
nitrogen did not. Although ice was also formed in the nitrogen spills,
its formation was less rapid than for LNG. The aquarium was later
replaced by a polystyrene ice chest (1972). Approximately 2 to 4.5
liters of cryogen were spilled on 6 liters of water; this corresponded
to initial hydrostatic heads of 2.7 to 6 cm of LNG. Such spills
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 obtained
in 1970.

Liquid nitrogen boiling on water yielded results close to those
reported for boiling on solids. Yet LNG and methane boiling on water
showed much higher heat fluxes. In order to explain this large differ-
ence, it was thought that a chemical interaction between hydrocarbon
and water was taking place, i.e., hydrate formation. An aluminum sheet
was placed on the top of the water thus eliminating the possibility of
any direct water-cryogen interaction. The heat flux to LNG decreased

from 77 to 36 kW/mz. For 1iquid methane it decreased from 82 to 25

kw/mz. Finally, for nitrogen the decrease was from 32 to 26 kW/mz.
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Hydrate formation could have been inhibited by the aluminum sheet
if it indeed took place in regular spills of hydrocarbon on water.
However, Burgess also measured rates of methane hydration. No hydrate
formation was observed at a temperature of -120°C. At -138°C a rate
of absorption of 0.42 ml of methane (gas at 20°C and 1.013 bars) per
gram of ice was measured. Such low rate of hydrate formation could not
account for the differences in heat fluxes of methane boiling on water
and on an aluminum sheet. Thus a firm conclusion could not be arrived
at from the aluminum sheet experiments.

Burgess also found that the boiling rate of methane on water
increased with time and with the amount spilled. For LNG the rate was
independent of the amount spilled and constant with time until ice
formed, then it decreased. No data were given to show the dependence
of liquid nitrogen boiling rates. The interface between nitrogen and
water was very turbulent whereas for LNG it was quite calm. It must
be noted that heat fluxes were calculated based only on the heat of
vaporization of pure methane. No vapor temperatures were recorded to
calculate any sensible heat stored as vapor superheat.

Boyle and Kneebone (1973) from Shell Research Ltd. performed LNG
evaporation experiments both on a confined and unconfined pool of water.

The restricted area experiments were carried out on tanks 0.836 m2
and 0.372nF placed on a load cell. It was found that boil-off rates
increased with time reaching a maximum at the point of "pool break-up".

This point is attained when the amount of LNG is no longer sufficient

to completely cover the water surface. Evaluation of the LNG layer
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thickness at pool break-up yielded a value of 1.8 mm for many experi-

ments. The maximum rate observed in any one experiment was of 0.02

g/cm?-s or 100 kw/m® (aH___ = 511 J/g).

vap

An increase in the initial quantity of LNG spilled was reflected
in an increase in boil-off rate. Interestingly enough, for a very
large spill, the evaporation rate reached a maximum of 0.02 g/cmz-s
and then declined even though the water was still completely covered
with LNG.

Decreasing the water temperature increased the evaporation rate
significantly. For a given mixture of LNG the maximum evaporation rate
was of 67 kW/m2 for an initial water temperature of 15°C. This rate
went up to 92 kw/m2 when the initial water temperature was reduced to
0.5°C.

In general, boil-off rates were higher when ice formation took
place. This suggested carrying out experiments in which the water was
agitated so as to reduce ice formation. A series of experiments re-
vealed that agitation reduced significantly the boil-off rates. At
the same time ice formation was reduced to about half the amount formed
on a still water surface.

Like other research centers, the Shell laboratories found a
strong dependence of evaporation rate on the chemical composition of
the liquefied natural gas. Figure 2-14 illustrates those results.

An increase in heavies causes an increase not only on the rate of

evaporation at any given time, but also in the rate of change of this

evaporation rate.
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The following explanation was given for these results. As LNG
is spilled on water, the large temperature difference causes film
boiling. Heat is supplied by cooling of a thin layer of water.
Eventually, this layer reaches the freezing point of water, ice forms
and due to its high conductivity it cools down very fast. The temper-
ature difference decreases enormously and nucleate boiling is promoted
bringing as a consequence a rise in heat flux with time. The fact that
heat is supplied by a thin upper layer of water is supported by thermo-
couple readings indicating 1ittle change in water temperature 5 mm below
the interface.

Although Boyle and Kneebone's explanation for the observed rates
is a very logical one, their data cannot be completely trusted. Most
of thespills corresponded to an equivalent non-boiling hydrostatic head
of only 0.4 to 0.6 cm, barely two to three times the pool break up
thickness of 0.18 cm. Furthermore, these spills were carried out on
large water surfaces of 3700 and 8400 cm2 (4 and 9 ftz). Since the
volumes spilled were relatively small, the spreading effects become
significant and should be accounted for, but they were not. In addition,
integration of the boiling rates does not yield the initial amounts
spilled. Between 10 to 25 percent of the amount spilled is unaccounted
for.

Another important observation made by Boyle and Kneebone is that
of water pick up. When pure methane and nitrogen were spilled, a net

loss of weight of water was observed immediately after evaporation was

completed. With LNG, however, there was a gain in weight which changed
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to a weight loss after the ice melted. Either some LNG was entrained

in the ice and it evaporated as ice melted, or hydrate formation took
place. Nevertheless, when LNG was spilled on ice no weight change was
observed. The water pick up ranged from 0.8 to 6.7 percent of the amount
of LNG spilled. The weight of water lost is nearly constant for a

given container regardless of the amount of LNG spilled. This is to be
expected since the water is picked up from the water surface and there-
fore is a function of its area.

Film boiling heat transfer between cryogenic liquids and water was
studied by Vestal (1973). A glass dewar flask coupled to a load cell
was used in the experiments. Thermocouples were located at various
heights in the water; one at the interface and one in the cryogenic
liquid. Thus, mass and temperature could be monitored continuously.

Liquid nitrogen boiled without foaming, but there was an unstable
interface. On the other hand, methane and LNG foamed and the interface
was rather smooth. Rapid ice formation took place with LNG. Lowering
the initial temperature of water increased the heat flux for nitrogen.
The opposite effect was observed for methane and LNG. The heat flux
for all of the cryogens decreased with time.

Liquid nitrogen exhibited a maximum heat flux of 88 kN/m2 for an
interfacial temperature difference of 254 K. For methane this maximum
was of 197 kW/m2 corfesponding to a AT of 196 K. Finally, LNG boiled
at a maximum heat flux of 550 kw/m2 for a AT ranging from 200 to 220°C.

Heat fluxes for methane and LNG are compared to those of Sciance
and Brown, respectively, in Figure 2-15. Boiling on water yields much

higher heat fluxes than those on solid surfaces.
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Vestal based much of his analysis on the interfacial temperature
which was measured with a grounded thermocouple. That is, the junction
of the thermocouple was welded to the protective sheath. The result
was that the temperature recorded corresponded to an average of the
temperatures in the neighborhood of the junction rather than a point
temperature. This comes as a consequence of heat conduction through
the protective sheath since large temperature gradients exist at the
interface. Furthermore, the interface was not stationary. As smoothly
as boiling might take place, there is always an original disturbance of
the water interface at the moment of pouring the cryogenic fluid.
Consequently, the assumption that a fixed thermocouple located at the
original water surface will continue to read interfacial temperatures
is a rather tenuous one. Furthermore, the experiments were carried out
in a flask 48 mm in inside diameter. This raises the question of the
presence of end effects. Boyle and Kneebone found that for the same
hydrostatic head of cryogen the boiling rate on a vessel half the area
of a second one yielded higher boil off rates by about 20%. A signifi-
cant amount of cryogen can be evaporated in cooling the walls, parti-
cularly when the ratio of the wall area to the cross sectional area of
the container becomes very high as in Vestal's equipment.

The transient boiling of liquefied hydrocarbons on water was
investigated by Jeje (1974) and Drake et al. (1975). A well-insulated
triple wall container was used in the experiments. The two outer
walls were made from acrylic plastic. Ther innermost wall was made

from 127 um cellulose acetate sheets. Vertical polyurethane spacers
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separated the acetate sheet from the acrylic walls. The inside diameter
of the boiling vessel was 9.92 cm. This assembly was placed on a load
cell to measure continuously the mass of the system. An acrylic double-
cone was hung at the open end of the vessel. It allowed an even dis-
tribution of the cryogen at the start of the test and it held the vapor
thermocouples. The cone also prevented the flow of ambient air into

the vessel during the test. Six thermocouples inserted through the
bottom of the vessel at different heights and distance from the center
monitored water temperatures. Vapor temperatures were recorded by

three heat-stationed thermocouples. Vapor temperature measurements are
very important since some heat might be removed as sensible heat by the
vapor. Therefore, not all of the heat flux has to be directed to the
vaporization of cryogen. Some heat can be directed to the "superheating"
of the vapors produced.

Liquid nitrogen exhibited a strong sensitivity to the initial
hydrostatic head of cryogen. Initial water temperature had little
effect on the boil-off rates. Ice was formed rapidly but it did not
form a continuous layer. The interface was quite rough except in the
areas covered with ice. Water temperatures a few mm below the surface
registered very little change. This result supports the hypothesis
that most of the heat is extracted from the uppermost layers of water.
Nitrogen vapors were quite superheated. For large spills the superheat
ranged from 40-50°C but small spills ranged from 90-100°C.

Liquid methane and liquid ethane did not show sensitivity to the

original amount of hydrocarbon spilled as did nitrogen. Similarly,
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the initial water temperature had 1ittle effect on the boil-off rates.
Although ice formation took place for both hydrocarbons, in the case
of ethane it was more rapid. Again the temperature of the water a few
mm below the interface did not change significantly. Vapor superheats
for methane were in the order of 10-30°C, whereas for ethane, none
were exhibited. These vapor superheat data seem to indicate that
nitrogen and methane film boil on water whereas ethane nucleate boils.
This argument is further supported by the rapid ice formation which
would promote nucleate boiling.

The heat fluxes observed for ethane were higher than those observed
for methane which in turn were higher than nitrogen. The boil-off rate
of methane increased continuously with time. Ethane, however, started
boiling slowly then it rapidly increased.

Addition of small amounts of heavier hydrocarbons increased the
boiling rate of methane significantly. These results are illustrated
in Figure 2-16. The heavier the hydrocarbon, the less amount of it
needed to enhance the boil-off rate by a given factor.

Two ranges of composition of LNG were studied. The first con-
tained 98.2 mole percent methane, 1.6% ethane and the remaining was
0.2% propane and trace butanes. As expected, heat fluxes were higher
than those for pure methane. Decreasing the initial water temperature
increased the boil-off rate slightly. Boil-off rates increased with
time and foaming took place, especially at the beginning of the tests.

The second series involved mixtures containing 82-89 mole percent

methane and ethane/propane ratios of 4 to 5. Trace butanes were also
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present. The individual effect of initial hydrostatic head and water
temperature could not be determined since both parameters were changed
from run to run. As in the previous series of tests, the boiling
rates increased with time and significant foaming occurred. Although
the water surface temperature dropped drastically, the temperature a
few mm below the surface did not change appreciably. A solid crust of
jce was formed when water temperatures were low (~10°C). For higher
temperatures ice also formed but not in a continuous crust.

The heat fluxes for both ranges of LNG composition are compared
to pure methane in Figure 2-17. It is clear that the higher the con-
centration of heavier hydrocarbons, the higher the effect on the heat
flux.

Thermal fluctuations in water and their effect on the boiling rate
of methane and nitrogen were the subject of an investigation by Dincer
(1975). Aside from minor modifications, the experimental apparatus
was the same used by Jeje.

Boil-off rates for liquid nitrogen were the same as those found
by Jeje. These rates were found to increase with initial hydrostatic
head of cryogen and to decrease with time. The initial water temper-
ature did not have a significant effect on boil-off rates. Ice formation
was found to take place after 30 seconds for initial water temperatures
of 30°C and above. For water temperatures below 20°C, ice formed
within a few seconds.

Boil-off rates for liquid methane were higher than those reported

by Jeje. This discrepancy, however, is easily explained by the fact



(kW/ m2)

Q/A

-100-

160 I l I
MOLE % A B
— Methane 894 98.20
Ethane 8.2 1.62
Propane 2.0 0.11
120 — i—Butane 0.2 0.04—
n-Butane 0.2 0.03
80 I— ]
METHANE
40 ]
| | l l |
0 10 20 30

TIME (s)

Figure 2-17 Effect of Composition on the
Boiling Heat Transfer of LNG
on Water (Jeje, 1974)



-101-

that Jeje used 99.98% pure methane, whereas Dincer used lower purity
methane containing some higher hydrocarbons as impurities. From
previous studies, it would be predicted that there would be an increase
in boil-off rates.

Boiling rates for methane increased with time but were unaffected
by initial water temperature or hydrostatic head. Ice formed almost
instantaneously for initial water temperatures below 20°C.

When ice was formed, there was a sharp drop in temperature only
for the water in the immediate neighborhood of the interface. When
ice was not formed, or it was formed slowly, the bulk of the water
exhibited a drop in temperature. Furthermore, temperatures along the
sides of the vessel were found to change somewhat more than those at
the center. These observations coupled with nitrogen spills on water
gel allowed the determination of the main resistance to heat transfer.

Dincer assumed that water-gel, prepared by the addition of agar
to water, retained the thermal properties of water. The purpose of
these experiments was to inhibit convective motions in the water and
determine the consequent effect on boil-off rates. Liquid nitrogen
was poured onto water-gel and the observed boil-off rates were close
to those of nitrogen boiling on water. A gradual change in temperature
was recorded away from the interface.

These observations suggest that for low initial water temperatures
heat is supplied by ice formation. For higher water temperatures, heat
is supplied by cooling the upper layers of water with some agitation of

the bulk of the water. Furthermore, the mode of heat transfer in the
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water phase does not seem to affect the overall boiling process. Thus,
it can be said that the main resistance to heat transfer lies else-
where, either in the interface or in the cryogenic fluid.

A summary of the information gathered on boiling of cryogens on
water is given in Tables II, III and IV. Different investigators agree
on the evaporation characteristics of liquid nitrogen; the boiling rate
is highly sensitive to the amount spilled, decreases with time and is
independent of initial water temperature. No foaming is observed, and
the water-nitrogen interface is a rough one. Vapor superheats ranging
from 40 to 100 K are reported.

In the case of methane, Burgess reports an increase in heat flux
with amount spilled, whereas Jeje and Dincer claim no effect at all.
The boiling rate increases with time; Vestal is the only investigator
that disagrees with this statement. The initial water temperature has
no effect on the evaporation rates. The interface is a smooth one and
superheat of 10-30 K are reported. Vestal reports foaming, whereas
Jeje did not observe any.

The disagreement is more pronounced when considering LNG mixtures.
A decrease in water temperature increases the rate. Boyle and Jeje
found the boiling rate to be independent of amount spilled. A maxima
is observed for the boiling rate with time. Boyle reported it to
occur at the time of pool break-up, Burgess after ice formation and
Jeje does not report a maxima. With the exception of Vestal (550

kW/mZ), the heat fluxes reported range from 50-150 kw/mz.



INVESTIGATOR
) High
2
(kW/m") Low
(Avg)

Effect on Q due

to an increase in:

Water Temperature
Cryogen Mass
Time

Area

Foaming?
Rough Interface?

Vapor Superheat?

* Number in parenthesis refers to initial water temperatures.

BOILING OF NITROGEN ON WATER

BURGESS

68
(26)

no

yes
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TABLE II

VESTAL

88(60°C) "
28(10°C)”

no

yes

JEJE

50
20

Same

up

down

no
yes

40-100 K

DINCER

*%

*k

same

up

down

** Dincer's boil-off rates were the same as those reported by Jeje.

If the same vapor superheats are assumed, then Dincer's heat

fluxes are the same as Jeje's.
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TABLE ITI
BOILING OF LIQUID METHANE ON WATER

INVESTIGATOR BURGESS VESTAL JEJE DINCER
Q High 82 (Avg) 197 95
2
(kW/m™) o 51(Avg) 30 *
(Avg)

Effect on Q due
to an increase in:

Water Temperature -- same same same
Cryogen Mass up -- same same
Time up down up up
Area -- -- -- --
Foaming? -- yes no --
Rough Interface? -- no no --
Vapor Superheat? -- -- 10-30 K -~

* Dincer's boil-off rates were 25% higher than those reported by
Jeje. If we assume the same contribution of vapor superheat to
the total heat flux, then Dincer's heat fluxes would be 25% higher

than Jeje's.
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Water Agitation
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TABLE IV

BOILING OF LNG ON WATER

BURGESS

153
(92) (77)

94.5 92.0
3.4 6.3
0.9 0.1

1.2 1.6

same
same, down

after ice
formation

yes

no

BOYLE

100

94.7
4.5
0.1
0.2
0.5

down

up
up, down
after pool
break up
down

down

JEJE

120 150
50 50

98.2 89.4

1.6 8.2
0.11 2.0
0.07 0.4

down
up
up

yes
no

5-10 K

VESTAL

550

92.58
6.27
0.40

0.77

same

down

yes

no
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Prior to the present work and "as a result of this sensitivity
(to LNG composition), it is not possible to predict in an a prioni

manner the boiling rate of an LNG of a given composition" (Jeje, 1974).
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ITI. EXPERIMENTAL

Equipment for Spills of LNG on Water

The spillage of LNG on water results in a highly transient process
of evaporation. In order to study the characteristics of this process,
one must be able to measure, or otherwise determine, the mass evapor-
ated, the composition of the liquid and vapor, and the system temper-
atures as a function of time. In the present work this was accomplished
by spilling the cryogen on quiescent distilled water contained in a
boiling vessel placed on an electronic balance. The output of this
balance was monitored by a NOVA-840 real time computer. Water, cryogen,
and vapor temperatures were measured by thermocouples whose output was
also fed into the real time computer. A schematic representation of
this setup is given in Figure 3-1.

A Mettler P-11 analog balance was used to measure the weight of
the boiling vessel and its contents. This balance had a typical
response time of less than 100 ms. When severe oscillations were
present, such as those caused by dropping a large weight from a signi-
ficant height, a 0-100% response time took as long as 1 second. The
balance accuracy was +100 mg; however, due to limitations in the
computer's analog-to-digital convertor, the accuracy was reduced to
125 mg. Further details can be found in Appendix A.

Because of the response time of the balance, and for ease in
calculations, the voltage outputs from the balance and thermocouples

were sampled by the computer every second.
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The boiling vessel, shown in Figure 3-2, was a triple wall
cylindrical container. It was transparent to allow visual observation
and was designed to minimize heat leaks. The outer wall was made of
0.32 cm thick acrylic tube; the inner walls were made of 25 um Mylar
sheets. The three walls were separated by 2 mm thick polyurethane
spacers. These sbacers were wound horizontally and were positioned at
different heights around the walls. They not only kept the thin walls
in place but minimized natural convection of the air present within
the wall gaps.

In most spills the cryogen evaporated completely within 2 to 3
minutes. In this short period of time the most important heat leaks
are due to the cooling of the walls of the container and, therefore,
it was necessary to use very thin inner walls to minimize their thermal
mass.

Several boiling vessels were built. Stresses due to the formation
of ice caused the inner wall seam to eventually fail. Foaming mixtures
presented a problem when they overflowed the vessel and taller containers
had to be built. Depending on the diameter of the acrylic tube, the
inside cross-sectional areas of the vessels were 133, 139 and 143 cm2,
and the heights were 20 and 35 cm. Typically the water level was about
12 cm and the amount of cryogen spilled ranged from 150 to 1000 cm3.

Simply spilling the cryogen from the top of the container would
cause a severe disruption on the surface of the water and increase, in

an unknown fashion, the area for heat transfer in the first few seconds.

Furthermore, the inertial impacting forces would cause an erroneous
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overshoot on the mass recorded by the balance. In order to reduce

these effects, a cryogen distributor, shown in Figure 3-3, was used.

It consisted of a conical section and a wall. The conical section
directed the flow of cryogen against the wall of the cryogen distributor.
The cryogen then flowed down the wall whichhad a curvature at the bottom.
As the cryogen passed over this curvature, it was directed tangentially
across the water surface thus minimizing any splashing and disturbances
of the interface. After the cryogen had been poured, the distributor
was raised by means of pulleys. The bottom part of the distributor was
made to line up with the top of the vessel. In this configuration the
cryogen distributor did not affect the flow of cryogen vapor out of the
container, and it inhibited ambient air flow into the boiling vessel.

The cryogen distributor rode on the outside of a 0.64 cm o.d.
stainless steel tube which was suspended externally to the boiling
vessel. Thus the distributor was free to be moved vertically without
affecting the mass of the vessel and its contents.

Three vapor thermocouple wires were fed through the steel tube
guide for the cryogen distributor. Thin 25 um chromel-constantan wires
were used in the vapor thermocouples. To insure a fast response and
accurate readings (minimize axial heat conduction through the wires)

a length of 2 cm of bare wire was exposed. The thin leads were supported
by a Teflon structure as shown in Figure 3-4a. Response times (0-100%)
for these thermocouples were less than 90 ms for step changes of 180 K.
The first vapor thermocouple was placed about 2 cm above the cryogen

surface. The other two were placed at 1.5 cm intervals as shown in
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Figure 3-4b. Further details in the design and performance of these
thermocouples are given in Appendix A.

Six liquid thermocouples were used to monitor water and LNG
temperatures. A typical spatial arrangement of these thermocouples
is shown in Figure 3-4b. The thickness of the lead wires varied from
25 ym to 250 um, and their length from 2 mm to 23 mm. They were all
tested for response in the event of a rapid and large change in temper-
ature. Typical response times (0-100%, 180 K step change) ranged from
100 to 600 ms. It must be emphasized that the values recorded for water
temperatures are limited to qualitative analyses only. Ice formation
and motion of the interface made it impossible to determine the true
distance of the thermocouple from the cryogen/ice-water interface. More
details on the construction and testing of the liquid thermocouples can

be found in Appendix A.

Preparation of Cryogens

In general, the liquid hydrocarbons were prepared by cooling the
hydrocarbon gases below their boiling point either with Tiquid nitrogen
or with a pentane-nitrogen slush bath.

Liquid methane was prepared by flowing methane gas through a
0.63 cm copper tubing into a 1000 cm3 Pyrex beaker which in turn was
immersed in a Dewar flask filled with 1iquid nitrogen. This arrange-
ment is shown in Figure 3-5. Since the temperature of liquid nitrogen

is 78 K and methane liquefies at 111.7 K, the liquid methane was

subcooled. After sufficient methane had been collected, the feed of



-1156-

Methane
Gas

Liquid

Methane

Liquid

Nitrogen

ﬂ Aluminum

Foil
Ring

Stand

Dewar

Flask

Ethane 37.4 barg
P g— od

(Propane

n-Pentane
Nitrogen
Slush <160K)

7.5 bar
"

S

FL

>

T

Figure 3-5 Methane Liquefaction Apparatus

Aluminum

/Foil

Liquid
Et?mne

(Propane)

Figure 3-6 Ethane and Propane Liquefaction Apparatus



-116-

liquid nitrogen was discontinued and methane gas was allowed to bubble
through the subcooled liquid until it reached the saturation temperature.

Methane gas of two purities was used, Matheson Ultra High Purity
Grade with a minimum methane content of 99.97 mole percent and Matheson
Certified Purity Grade with a minimum methane content of 99 mole percent.
Typically, the impurities were: ethane 0.1%, carbon dioxide 0.2%, and
nitrogen 0.6%. UHP methane was used in studying the boiling of pure
methane and preparing some mixtures when the composition was believed
to be particularly important. Generally, however, the mixtures were
prepared with C.P. grade methane. Nitrogen, the major impurity and
the most volatile component, was driven off while heating the subcooled
methane to saturation temperature.

Liquid ethane was prepared by flowing ethane gas through a stainless
steel coil immersed in a n-pentane - nitrogen slush bath, as shown in
Figure 3-6. n-Pentane freezes at 143 K and the bath temperature was
kept at approximately 160 K by replenishment of the nitrogen. Ethane
boils at 189.5 K so the liquid was subcooled. In a procedure similar
to that used for methane, the liquid ethane was heated to saturation
temperature. C.P. grade ethane, typically 99.5 mole percent pure, was
used. The major impurity was hydrogen at 0.4 mole percent.

Liquid propane was prepared in a similar setup to that of ethane
and following the same procedure. C.P. grade propane, 99.4 mole per-
cent pure, was used. The major impurity was isobutane at 0.5 mole

percent.
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The liquid nitrogen, used both as coolant and as a mixture com-
ponent, was supplied by the MIT Cryogenics Laboratory. Typical purity
was better than 99.95 mole percent.

The preparation of LNG mixtures required a special procedure.

A11 the components had to be cooled to approximately the boiling point
of the final desired mixture. For instance, if propane were to be
added to a 90% methane, 10% ethane solution it first had to be cooled
to about 112 K. If propane were added at its boiling point of 231.3 K,
some of the existing mixture would boil (sometimes violently). By
cooling the components so that there was no boiling upon mixing, one
could use a gravimetric method to determine the composition of the
mixture in addition to the chromatographic analysis.

Caution had to be exercised in cooling down the components. This
was usually done by immersing a container in liquid nitrogen; however,
should they be subcooled too much, the mixture itself would be sub-
cooled. Any attempt to bring the mixture to saturation temperature
would cause localized boiling of the more volatile component with a
subsequent change in composition. If a component were subcooled too
much, it would have to be warmed to the proper temperature before

mixing.

Analysis of Chemical Composition

The composition of the hydrocarbon mixtures was determined by

two methods: gravimetric as! chromatographic.
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The gravimetric method consisted of accurately weighing the amount
of each component added to the mixture. The molar percentage was then

calculated by the simple relationship

Mass./Mol. wt..
1 l x 100

mole percent, =
1 2; Massj/Mol. wt. .

j J

For the chromatographic method, a sample of the liquid mixture was
removed with a sampling scoop and introduced into a sampling bulb.
These devices are shown in Figure 3-7. The sampling scoop was essen-
tiallya female ground-glass connector with a receptacle (v1 cm3) for
the 1iquid sample and a glass rod for a handle. The sampling bulb
(~1000 cm3) had a male ground-glass connector separated from the body
of the bulb by a stopcock. Prior to the preparation of the mixtures,
the buib was evacuated. After cooling the sampling scoop with liquid
nitrogen, the mixture was stirred and a 1iquid sample removed. The
ground-glass connection between the bulb and the scoop allowed an easy
transfer of the sample into the bulb. This gas-tight connection was
maintained until the liquid in the scoop had been drawn into the bulb
and recondensed on the liquid nitrogen cold fingers. After the liquid
in the sampling bulb had evaporated, a vapor sample (100-500 ul) was
removed and run through a chromatograph. This technique has been
satisfactorily employed by Porteous (1975).

A Hewlett-Packard 700 gas chromatograph was used. The chromato-
graph outputs a peak for eacn coiiponent; the area under a peak is

proportional to the amount present in the sample. The composition of
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the mixtures could then be determined after calibrating the chromato-
graph for the specific response to each component.

Despite precautions taken, a minor change in composition could
take place during the short interval of time between sampling and
spilling. However, after consideration of all sources of error, both
gravimetric and chromatographic, it is estimated that the reported
compositions were within 1.5% of the actual composition or 0.15 mole

percent, whichever is largest.
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IV. VAPOR-LIQUID EQUILIBRIA

Introduction

LNG is a cryogenic fluid comprised of components which differ
significantly in volatility. Thus, in a transient boiling experiment,
the vapor evolved would vary in composition as the liquid becomes
enriched in the less volatile components. This time dependent vapor
composition would show a maximum in nitrogen, if present, followed by
methane, ethane, propane, etc. It is important to be able to estimate
the composition of the vapor during a spill of LNG because each com-
ponent may affect the dispersion characteristics of the cloud and lead
to different hazardous zones for ignition or even detonation. It is
also important to estimate the 1iquid composition since the saturation
temperature of the residual liquid depends on its composition. Changes
in the saturation temperature could significantly affect the heat trans-
fer characteristics.

One could assume that vapor-liquid equilibrium existed at all times;
the vapor composition could then be computed as a function of the residual
liquid composition. However, it is conceivable that the transient nature
of the test or the boiling characteristics would interfere with the
attainment of equilibrium. For example, the vapor generation rate is
large in LNG spills in water. As a consequence the bubbles formed at
the interface could deplete the interfacial layer in the more volatile
components. Then, depending upon the residence time and mass transfer
rate of the ascending bubbles, vapor-liquid equilibrium with the bulk
1iquid may or may not be achieved by the time the vapor bubble breaks

clear of the liquid.
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Under these circumstances, it is imperative to demonstrate the
validity of the vapor-liquid equilibrium assumption before it is used
in any theory or model. To this end the vapor composition was measured
experimentally as a function of time and compared with results obtained
from theory assuming vapor-liquid equilibrium. In addition, temperature
measurements in both the 1iquid and vapor are compared with those

predicted from theory.

Development of the VLE Model

For thermodynamic equilibria to exist between two phases which are
at the same temperature and pressure, the fugacity of every component

i in the mixture, %1, must be the same in both phases,

LoV

f = (4-1)
where L = liquid

V = vapor

For a mixture of ideal gases, the fugacity %¥ is equal to the partial
pressure of component i, yiP. To account for deviations from ideality,

the fugacity coefficient ¢i is used,

v _ v
fi= 05 95 P (4-2)

Although the fugacity in the liquid phase is usually related to the
1iquid mole fractions by means of an activity coefficient, Yio it is

often more convenient to use the same form of Eq. (4-2),



%% = ot x. P (4-3)

The fugacity coefficients ¢; can be related to pressure, total
volume and temperature by the following thermodynamic relationship

(Prausnitz et al., 1967)
=1 —— = 1 [ |2~ _ RT| - -
ey =055 g [(an.> v] dv - In Z (4-4)

where n. = number of moles of component i

= PV/nT RT

Several equations of state that relate pressure, temperature and
volume have been proposed (Benedict-Webb-Rubin, Lee-Erbar-Edmister,
Soave-Redlich-Kwong, Sugie-Lee, etc.). The Soave (1972) modification
of the Redlich-Kwong (1949) equation of state has been found to be
particularly successful with hydrocarbon mixtures (Reid et al., 1977)
and is widely used in industry (Erbar, 1977). The pressure explicit

form of the Soave-Redlich-Kwong (SRK) equation is

_ RT a _
P= v-b v(v+h) (4-5)
where v = molar volume
a = temperature dependent term
b = constant

The fugacity coefficients can now be evaluated by combining Egs.

(4-4) and (4-5), as described in Appendix B.
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n¢, = bT"(z-l) -In(Z-B) + %[bTi ) 2%; (1-kij)(:1aj)0.5 xj] y _Z_EE -
where

ne 3 (4-7)

B = p2 (4-8)

@ X2 kg (- kig)(azap)/? (4-9)

b =Zi X;b, (4-10)

kij = binary interaction parameter

In the SRK equation, the mixture parameters a and b are a function
of the pure component parameters a; and bi’ and they must be related by
a suitable mixing rule. In the case of the parameter b, the arithmetic
rule given by Eq. (4-10) has been found to be satisfactory (Chueh and
Prausnitz, 1967; Soave, 1972). For the parameter a, a classic geometris

mean rule is often used,

a=y.o. VY33 (4-11)
i
- 1/2 -
where a5 = (aiaj) (4-12)
which is equivalent to
2
a = (Zxa,0"°) (4-13)
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This geometric-mean assumption can be too restrictive and, in order
to relax it, Zudkevitch and Joffe (1970) suggested the use of a binary

interaction parameter kij’

aj; = (1 - kij)(aiaj)o's (4-14)

Using the value of 33 in Eq. (4-11) yields Eq. (4-9) which is the
expression for the parameter a to be used in this work. The binary
interaction parameter kij is assumed to be independent of pressure,
temperature and composition.

To determine the values of the interaction parameters, only binary
equilibrium data are required. The method involves fitting kij to
experimental vapor-liquid equilibrium data and minimizing the differ-
ences between the predicted and experimental values. Experimental
data reported by various researchers (Price and Kobayshi, 1959; Chang
and Lu, 1967; Stryjek et al., 1974; Poon and Lu, 1974) were used in
selecting the values of kij' The selected values for the interaction
parameter are given in Table 4-1. In this table they are also compared
to values for kij found in the Titerature. Details on the procedure
to select the values for kij can be found in Appendix B.

The values of kij are then in reasonable agreement with other
published values. The differences observed with the values of Kato
et al. (1976) and Joffe et al. (1970) might be due in part to the
different temperature dependency used for the parameters a and b.

Both Kato and Joffe modify the original Redlich-Kwong equation by
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TABLE 4-1

Binary Interaction Parameter kij for the SRK Equation

Binary
System

Methane-Ethane
Methane-Propane
Ethane-Propane
Nitrogen-Methane
Nitrogen-Ethane

Nitrogen-Propane

This
Work

0.000
0.010
0.000
0.035
0.035
0.120

Erbar
0.000
0.000
0.000
0.020
0.060
0.080

*Original Redlich-Kwong Equation

*
Kato et al.
0.003
0.010

0.045

Joffe et al.
0.009
0.073
0.027
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letting a and b be temperature dependent; whereas Soave incorporated
all the temperature dependency in the term a while leaving b independent
of temperature.

For a nonreacting system of m chemical components and = phases

there are F degrees of freedom

F=2-m+m (4-15)

In the present case two phases are present, consequently, the degrees
of freedom are equal to the number of components. Thus specifying m
independent variables fixes, thermodynamically, the system. In the
case of LNG boiling on water, the independent variables are determined
by the experimental conditions: atmospheric pressure and liquid com-
position. The dependent variables are temperature and vapor composition.
In equilibria studies, however, it is customary to fix the temperature
rather than the pressure since a constant temperature can be maintained
more easily than constant pressure. Therefore, in the next section
where the applicability of the SRK equation to 1ight hydrocarbons’
equilibria is assessed, the temperature and liquid composition are
taken as the independent variables. The dependent variables, pressure
and vapor composition, are calculated by combining Eq. (4-6) which gives

the fugacity coefficient ¢ and the vapor-liquid distribution coefficient

Ks>» %19
Y4 “’% PX;
K, = = -b = (4-16)
i X v V)
i ¢i f1
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The above procedure for vapor-liquid equilibria compositions can
be used in conjunction with a mass balance to determine the temperature
of the residual liquid LNG as well as the composition of the vapor
evolved during the boiling of LNG on water.

For every component i in the mixture, a mass balance over a

differential period of time can be written:

-d(xiL) = yidV (4-17)
where L = number of moles in the liquid phase
V = number of moles in the vapor phase
Since dL = -dV, Eq. (4-17) can be rewritten as
dx.
dL _ i _
T % (4-18)

In an evaporation process dL is negative. A more convenient

variable to be used is the moles evaporated dﬂ,

dL = - dL (4-19)

which is positive. Equation (4-18) can be approximated by a different

equation, which incorporates the moles evaporated df,

- (4-20)

N
provided that small enough values of oL are used. During spills of LNG
on water, experimental data were recorded at At = 1 sec. intervals.

In Eq. (4-20), at any time 7, L, X; and y; are known. For instance,
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at t = 0 sec. L is the number of moles in the initial charge of LNG,

X; the mole fraction of £ in this charge and ¥; the mole fraction of &

in the vapor in equilibrium with the given composition for the liquid.

Furthermore, Ai can be determined from the experimentally-measured mass
that was evaporated, during the period of time At. Thus the only

unknown in Eq. (4-20) is the value of X; at time t + At,

xile+ o) = xy(e) - Hel=ple et oy ) - w1 @2

T

As previously indicated, for the difference approximation to be
valid, the value of AL must be sufficiently small. The maximum value
of AL that can be used satisfactorily in the difference equation was
obtained after studying the hypothetical evaporation of a mixture. A
liquid mixture was assumed to have an initial composition of 90% methane
and 10% ethane, and an initial mass of 100 grams (5.732 g moles). A
molar mass AL was then assumed to have evaporated. The new liquid
composition was calculated from Eq. (4-21). The equilibrium vapor
composition and temperature were calculated with the SRK equation. The
procedure was repeated until the 1liquid was completely evaporated.
Various values of AL were used, and for given values of residual molar
mass, the temperature, composition and mass were compared. The point
at which a further decrease in Aﬂ did not significantly change the
results was selected as the value of AL to be used in the VLE model.
The results obtained with the various AL's are given in Table 4-2.

The ethane fractions were used in this table since they make the

observation of differences in compositions easier.



TABLE 4-2
Hypothetical Evaporation of a Hydrocarbon
Mixture Using Various Mole Decrements

Initial Mass 100 grams
Initial Liquid Composition C, = 90%, C, = 10%

al = 0.1 mole sl = 0.05 mole aL = 0.01 mole sl = 0.001 mole

:(a’l:r T, K xC2 yc2 Mass g T, K xc2 yc2 Mass g T, K xc2 yc2 Mass g| T, K xc2 yc2 Mass g
5.732 | 113.07 0.100 .00018 100. | 113.07 0.100 .00018 100. | 113.07 0.100 .00018 100. |113.07 0.100 .00018 100.

5.032 | 113.24 0.114 .00020 88.77 | 113.24 0.114 .00020  88.77 | 113.24 0.114 .00020  88.77|113.24 0.114 00020  88.76
4.032 | 113.58 0.141 .00026 72.72 | 113.58 0.142 .00026  72.72 | 113.59 0.142 .00020  72.72|113.59 0.142 .00026  72.73
3.032 | 114.14 0.186 .0036  56.68 | 114.16 0.187 .00036  56.68 | 114.18 0.189 .00037  56.67 | 114.18 0.189  .00036  56.68
2.032 | 115.32 0.273 .00059 40.63 | 115.38 0.277 .00060  40.63 | 115.43 0.281 .00061  40.63 | 115.44 0.282 .00061  40.62
1.032 | 119.72 0.513 .00184  24.57 | 120.19 0.532 .00203  24.57 | 120.63 0.549 .00221  24.57 | 120.73 0.553 .00226  24.58
0.532 | 148.18 0.916 .07461  16.51 | 172.22 0.979 .47642  16.46 | 183.09 0.997 .91180  16.10|182.71 0.997 .89315  16.01
0.432| 184.77 1.000 1.0000 14.80 | 184.77 1.000 1.0000 13.82 | 184.77 1.000 1.0000  13.12|184.77 1.000 1.0000  13.02

-0€1-
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0.1 and AL = 0.001
0.01 and AL = 0.001

The difference in values obtained with AL

moles in quite significant; whereas between AL
moles there is little difference. Thus the value of AL = 0.01 was
selected to be used in the VLE model.

In applying the VLE model, so far described, to the experimental
data, it is likely that the mass evaporated during the interval of time
(1s) between two consecutive mass readings represents a molar change
greater than 0.01 moles. In such a case, an alternative procedure to
the direct use of Eq. (4-21) is to be followed; a logic diagram of
this procedure is given in Figure 4-1.

Essentially, this method involves breaking the mass evaporated,
AM, in that period of time in smaller decrements in mass corresponding
to AL's of 0.01 moles or less. An initial value of AL = 0.01 is
taken and the new liquid fraction for component £ is calculated from

an alternate version of Eq. (4-21):

new _ v é_l,:_'_ [ 1 -
xi = ks = o (Y- oxg) (4-22)

The mass evaporated corresponding to this Aﬁ' is then computed and

N&W  The value of Ai' equivalent to

subtracted from AM to yield a aM
evaporating AM"®Y 0 one step is calculated; if smaller than 0.01 moles,
this value of AL' is used directly in Eq. (4-22). Otherwise a value of
sL' = 0.01 is assumed and the procedure repeated. The x1.new corres-
ponding to the total evaporation of AM becomes xi(T + At); and the

vapor in equilibrium with this liquid composition becomes yi(T + At).

A detailed flow diagram of the computer algorithm for the above

procedure is given in Appendix B.
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Applicability of the SRK Equation of State

Before the Soave-Redlich-Kwong equation of state can be used, it
must be shown that it is applicable in predicting low-temperature
vapor-liquid equilibria of light hydrocarbon systems. To this end
predictions made with the SRK equation were compared with experimental
light-hydrocarbon equilibria data reported by various investigators.

The methane-ethane system has been studied experimentally by Price
and Kobayashi (1959) over a temperature range of 144-283 K and a pressure
range of 6.9-69.0 bar. In their experiments a given mixture was placed
in a equilibrium cell maintained at constant temperature. After equili-
brium was attained, the liquid and vapor composition were determined as
well as the system pressure. In using the SRK equation, the experimental
conditions are followed--which is to say that the temperature and liquid
composition are taken as the independent variables, and pressure and
vapor composition are determined from thermodynamic equilibrium con-
siderations. Chang and Lu (1967) also investigated the methane-ethane
system. The experimental procedure was similar to that of Price and
Kobayashi. Two isotherms were studied, 172 K (3.6-20.8 bars) and 122 K
(1.3-2.2 bars). SRK predictions are compared to the data reported by
Price and Kobayashi, and by Chang and Lu in Figure 4-2. The SRK
predictions are in excellent agreement with Price and Kobayashi's data.
In general, the SRK predictions match Chang and Lu's data closely except
near the critical point for the 172 K isotherm. Since the pressure of
interest in this work is 0.987 bar (1 atm), the low pressure range
(0-10 bar) results are shown in more detail in Figure 4-3. The agree-

ment between SRK predictions and experimental data is seen to be quite good.
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The binaries methane-propane and ethane-propane were also studied
by Price and Kobayashi. Methane-propane in the range 172-283 K and
6.9-89.6 bar; ethane-propane in the range 255-283 K and 6.9-27.6 bar.
SRK predictions are compared to these experimental data in Figures
4-4 and 4-5. The agreement, again, is quite good.

Even though nitrogen is present in LNG in small amounts (<2 mole
percent), it is an important component since it is the most volatile.
Thus, the binaries involving nitrogen were also considered. Stryjek
et al. (1974a) studied experimentally the equilibrium in the nitrogen-
methane system (114-183 K, 3.4-48.8 bar). Stryjek et al. (1974b)
considered the system nitrogen-ethane (139-194 K, 3.4-125 bar). Poon
and Lu (1974) evaluated the equilibria for the nitrogen-propane binary
(114-122 K, 1.5-28 bar). Predictions made with SRK equation are com-
pared to these experimental equilibrium data for the nitrogen binaries
in Figures 4-6, 4-7 and 4-8. The SRK values are seen to match the
experimental data quite closely.

Prediction of vapor-liquid equilibria for a ternary system becomes
more difficult since the interaction parameters determined to best fit
binary data must apply without further change. Predictions made
using the SRK equation are compared in Table 4-3 to isothermal (283 K)
data for the methane-ethane-propane system reported by Price and
Kobayashi (1959). As was the case for the binary systems, the temper-
ature and 1liquid composition are the independent variables; the pre-
dicted values for pressure and vapor composition are then compared to

the experimentally measured values. For 32 points considered, the
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average of the absolute percent deviation in pressure was 2.5%. The
deviation in the vapor fraction of methane was 3.3%, for ethane, 3.2%
and for propane, 4.7%. The SRK predictions for this isotherm are
excellent. A similar comparison for a lower temperature isotherm,
172 K, is given in Table 4-4. For 7 points the average deviation in
pressure is 0.9%. For the methane fraction in the vapor, the deviation
is 0.8%. For the vapor fractions of ethane and propane, the deviations
are much larger, 20 and 55%, respectively. These large deviations are
due to the small amounts of these heavies in the vapor, ethane <6.8%
and propane <0.4%. Thus any deviation will tend to show a large percent
error. Consequently, the actual absolute errors are smaller and have
much less significance in the present work.

It can be concluded that the Soave-Redlich-Kwong equation yields
good vapor-liquid equilibria predictions for light hydrocarbon mixtures,
and it is applicable in predicting low temperature - low pressure

equilibria for LNG systems.

Experimental Vapor Sampling

During the transient boiling of LNG on water, vapor samples were
taken at various times. The composition of these samples was determined
chromatographically and compared to those predicted by the VLE model.

Small (125 cm3) glass bulbs were used to sample the vapor. One
such bulb is shown in Figure 4-9. These sampling bulbs were evacuated
prior to the tests. Then, during the ebullition of LNG on water, one

of the bulbs was placed at the mouth of the boiling vessel (see
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Figure 4-10) and one of the stopcocks was opened, thus sucking a sample
of the vapor into the sampling bulb. Assuming the pressure in the
evacuated bulbs is 1 mm Hg, the time required to fill the bulb is
between 0.4-0.7 sec. (see Appendix B). Thus the stopcock was opened
for about 1 second.

Six such samples were taken at various times during a run and

subsequently analyzed in a gas chromatograph.

Experimental Results and VLE Model Predictions

Eleven experiments were performed aimed at determining the degree
to which vapor-liquid equilibrium is achieved during the boiling of
LNG on water. The experimental results of these tests were then compared
to predictions made by the VLE model.

The amount of methane initially present in the LNG mixtures ranged
from 0 to 91 mole percent, ethane 6.5-89.7% and propane 0-18.2%. The
amounts spilled varied between 0.5 and 2.1 g/cmz, corresponding to
non-boiling hydrostatic heads of 1.1 to 4.2 cm.

Tests R-30 through R-34 and R-39 through R-41 were made in a
triple wall container with a cross-sectional area of 143 cm2 and a
height of 35 cm. For the vapors to be sampled they had to travel about
15-20 cm once they broke through the LNG liquid layer. Since the time
it took for the vapor to travel upwards depends on the rate of vapor
generation, the sampling time was adjusted to reflect the time at which

the vapor sample was actually released from the liquid. This was

accomplished by estimating the linear velocity of the vapor, assuming
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plug flow. It can easily be determined from the boiling rate which gives
the volumetric rate of vapor generation and the cross-sectional area

of the container. For boiling rates of 0.1 mole/s, the correction in
time was only 1 to 3 seconds. For boiling rates of 0.01 mole/s, it

took between 10 to 30 seconds for the vapor to travel 15-20 cm, depend-
ing upon the vapor temperature and hence the vapor molar volume.

In tests R30-R34 and R39-R41, four thermocouples were used to
monitor vapor temperatures. They were located 4 to 7 cm above the
water surface. In tests R39-R41, five thermocouples were used to
monitor the residual LNG liquid temperatures; these thermocouples
were located 3 to 8 mm above the water surface. Tests R35-R38 were
made in a 133 cm2 triple wall vessel 20 cm in height. A summary of
the experimental conditions for these spills is given in Table 4-5.

The experimental results can be better understood if one looks
first at the T - x diagrams for the hydrocarbon binaries at atmospheric
pressure. The methane-ethane T - x diagram is shown in Figure 4-11.
Methane, being the more volatile of the two, is the primary constituent
of the vapor. For methane liquid mole fractions of 0.2 and greater,
the vapor is essentially pure methane. Even at a Tow 0.05 1iquid mole
fraction, methane makes up 82% of the vapor. It is only when the
methane fraction in the liquid drops below 0.05 that the fraction of
ethane in the vapor becomes large.

Thus if a methane-ethane mixture is allowed to evaporate, one

would expect the vapor to be made up of methane until its mole fraction
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TABLE 4-5
Experimental Conditions for LNG Spills
Related to the VLE Model

- . Initial
R T -
Test ¢y C, Cs (g/cm”) Mass , (K)
R-30 89.7 10.3 0.75 3.4 15.2
R-31 84.0 | 9.4 6.6 0.58 4.3 15.8
R-33 88.9 10.2 0.9 0.87 7.1 14.5
R-34 83.9 8.1 8.0 0.84 6.2 14.7
R-35 83.5 16.5 0.53 3.9 20.0
R-36 78.5 15.3 6.2 1.46 9.8 14.8
R-37 51.8 30.0 18.2 1.51 7.9 15.5
R—38* 80.3 19.7 2.06 14.6 15.4
R-39 70.1 20.5 9.4 1.42 9.4 16.8
R-40 85.2 10.1 4.7 1.97 15.0 16.0
R-41 91.0 6.5 2.5 1.20 9.7 14.0

*
Extensive foaming. Partial loss of LNG charge due to overflow.
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in the liquid dropped below 0.1. Further evaporation would reduce the
methane present in the liquid, and vapor-liquid equilibrium dictates
then a sharp increase in the ethane fraction in the vapor.

Similarly, the saturation temperature of the liquid increases only
20 K going from pure methane to a liquid mixture containing 20% methane.
But reducing the methane liquid-mole-fraction from 0.1 to 0.0 (pure
ethane) causes a sharp increase of 40 K in temperature.

A similar behavior is observed for ethane-propane and methane-
propane binaries. However, the changes in the ethane-propane system
(Figure 4-12) are very progressive ones whereas in the methane-propane
(Figure 4-13) they are very pronounced.

The experimental vapor compositions are compared in the next
figures to predictions made with the Soave-Redlich-Kwong equation
assuming vapor-liquid equilibria is attained during the evaporation
process. Likewise, experimental liquid and vapor temperatures are
compared to those predicted by the VLE model.

The vapor composition for a binary methane-ethane mixture is
shown in Figure 4-14. The high methane content, at first, is followed
by a sharp decrease and this is, indeed, observed experimentally.

As previously indicated, the transition in vapor composition in
ethane-propane mixtures is a more progressive one. This can be observed
in Figure 4-15. Experimental and VLE predicted temperatures for the
same ethane-propane mixtures are shown in Figure 4-16.

In the case of ternary mixtures, at first, methane is expected

to be the primary component in the vapor; upon its depletion in the
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liquid phase, ethane becomes the major component in the vapor although
not to the extent of methane (~100%). Finally, propane becomes the
main component in the vapor. The transition from ethane to propane
is a more progressive one than the transition from methane to ethane.
Similarly, the initial temperatures are close to the saturation
point of methane. Upon exhaustion of methane in the liquid, the
saturation temperature rises sharply to the vicinity of the ethane
boiling point. Finally, when ethane is exhausted a second, more gradual
rise to the propane boiling point is expected.

The vapor compositions for the ternary mixtures and the saturation
temperatures, whenever measured, are given in Figures 4-17 through 4-29.
The agreement between the experimental data and the predictions
made with the VLE model are excellent. Thus, it can be concluded that

during the evaporation of LNG on water, the vapor is in equilibrium
with the residual liquid, and the saturation temperature of this
residual liquid can be predicted from vapor-liquid equilibria

considerations.
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V. BOILING OF LNG ON WATER

Previous studies (Burgess et al., 1970, 1972; Boyle and Kneebone,
1973; Jeje, 1974) on the boiling of LNG on water gave a clear indication
that the evaporation characteristics of LNG were a strong function of
chemical composition. It was claimed that addition of heavier hydro-
carbons to methane caused a significant increase in the rate of evapo-
ration of the cryogen. Yet the phenomenon itself was not clearly
understood. It is the purpose of the present work to elucidate such

observations.

Results

The equipment and procedure described in Chapter IIT were utilized
to carry out experiments. Pure hydrocarbons, methane, ethane and
propane were spilled on water and the mass evaporated was recorded
as a function of time. Similarly, tests were carried out with binary
mixtures of methane-ethane and ethane-propane and with ternary mixtures
of methane-ethane-propane. Finally, the effect of small amounts of

nitrogen added to methane and LNG was also studied.

Methane

Ten spills of methane on water were performed. The experimental
conditions for these tests are given in Table 5-1. The mass of methane
evaporated as a function of time is shown in Figure 5-1. It can be
seen that methane evaporated slowly at first, then the rate of evapo-

ration increased reaching a peak after about 40 seconds. A plot of
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TABLE 5-1

Experimental Conditions for Methane Spills

Mass Initial Water

Spilled Temperature Area
Test (g/cmz) (K) (cm2)
T-8* 0.35 292. 139
T-9* ** 291. 139
R-6 0.48 294. 139
R-7 0.55 294. 139
R-8 0.42 294. 139
R-42 1.08 288. 143
R-43 1.79 288. 143
R-44 1.66 288. 143
R-46 2.54 288. 143
R-47 1.71 284. 143

*C. P. Grade Methane. A1l others U.H.P. Grade Methane.

**Pgossible external contact of boiling vessel at spill time
resulted in an unknown spill mass.
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boiling rates as a function of time, Figure 5-2, reveals this behavior
more clearly.

Boiling of methane on water took place in a smooth fashion; ice
patches began to form after a few seconds (5 s) and these grew
radially, éventua]]y covering the whole water surface (v20 s). The
upper side of the ice layer was uniform but the bottom side had some

concavities, as shown in the following illustration.

Methane Side

Water Side

Apparently, as the ice began to cover a significant portion of the
water surface, any methane that seeped through small cracks in the ice
vaporized and was released through those areas still uncovered by ice.
Thus as the ice already formed continued to grow, ice formation and
growth was delayed in these weak spots. The fact that some methane
seeped through cracks was corroborated by two observations. First, the
ice attached itself to the walls very tightly, effectively sealing in
the water. Later in the tests the thin inner walls were seen to bulge
out. This could be caused by the methane evaporating under the ice
crust or by the difference in density between ice and water. Since
the ice had been attached to the wall, it could only grow downward.
Second, in tests R-43 and R-44 the feed hose located at the bottom

of the container was attached to the side of the container to a

height higher than the water level and left open to the atmosphere.
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After about 100 seconds, the water level in the hose increased And
eventually poured out of the hose. Although a syphon breaker was
placed at the highest point in the hose, and a gap had developed
between the ice and the water, the water continued to drain. Obviously,
methane was seeping through the ice and upon evaporation on the water
it developed some pressure between the ice and water layer that forced
the water out of the container.

The size of the methane vapor bubbles was roughly 0.3-0.5 cm;
these bubbles rose quickly through the boiling liquid. No foam was

observed.

Ethane

Eight spills of ethane on water were carried out. The experimental
conditions are given in Table 5-2. The mass of ethane evaporated as a
function of time is shown in Figure 5-3. The initial boiling rates
(and heat fluxes) were higher than those for methane. As in the case
of methane, the boiling rates increased with time reaching a peak
between 10 to 25 seconds as can be seen in Figure 5-4. Subsequently,
the boiling rates decreased significantly; in fact, after about 50
seconds the total mass of methane evaporated became higher than that
for ethane. When comparing boiling rates and mass evaporated, one
should keep in mind the corresponding heats of evaporation. In this
case for methane it is 510 kJ/kg and for ethane 489 kJ/kg. Thus, for
the same heat flux the mass of ethane evaporated should be about 5%

higher than that for ethane.
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TABLE 5-2

Experimental Conditions for Ethane Spills

Mass
Spilied

(g/cm?)
0.50
0.40
0.91
1.08
0.81
2.01
1.17
1.73

Initial Water
Temperature

(K)
284.
293.
292.
293.
289.
295.
287.
287.

Area
(cn®)

139
139
139
139
143
143
143
143
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Ice formation took place at a faster rate than in the case of
methane. Usually the water surface was covered with ice within 10
seconds. The ice is highly irregular. It appeared that the rapid
initial evaporation of ethane caused some water to be splashed up; as
it contacted the bulk of ethane it froze in an irregular fashion.
Again, the water side of the ice had a shape similar to the ice formed
in methane spills. Furthermore, it seemed as though, later in the
tests, ethane seeped through some cracks in the ice, evaporated and
"erupted" through weak ice spots. This was observed in about a third
of the tests.

Bubble formation and growth was bimodal. Large, 0.5 to 1.0 cm,
and small (~2 mm) bubbles were formed. Later in the run the formation
of the small bubbles became predominant.

One test, R-62, was carried out with research purity grade ethane
(minimum purity, 99.96%). It essentially overlapped with tests made
with certified purity grade ethane (minimum purity, 99%). These results
indicate that the effect of impurities present in the C.P. grade ethane

on the boiling of ethane on water is not significant.

Propane

Four spills of propane on water were made. The experimental
conditions for these tests are given in Table 5-3. The total mass
evaporated as a function of time is shown in Figure 5-5. Propane
boiled very rapidly during the first few (~5) seconds. The boiling
rates then dropped to considerably lower values as can be seen in

Figure 5-6.
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TABLE 5-3

Experimental Conditions for Propane Spills

Mass Initial Water

Spilled Temperature Area
Test (g/cm?) (K) (cm?)
T-10 0.55 296. 139
T-11 0.63 295. 139
R-48 1.33 288. 143
R-49 2. ¥ 289. 143

*
Exact mass spilled unknown due to splashing of propane.
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Upon contacting the water, propane boiled violently, splashing
water that froze as it contacted the bulk of the 1iquid propane. In
test R-49, splashing was so severe that water and propane were ejected
from the boiling vessel; the ice reached well above the vapor thermo-
couple assembly, approximately 10 cm high. Once this very irregular
ice completely covered the water surface, boiling became very smooth
and calm. As in the case of ethane, propane occasionally seeped through
cracks in the ice, with the vapors erupting through weak spots. This
phenomenon manifests itself in the form of a small, but distinct,
increase in boiling rate. Test R-48 displayed this effect at about 200

seconds (Figure 5-6).

Nitrogen

Initial equipment tests were made with 1liquid nitrogen for conven-
ience due to its availability. It is interesting to note that the
boiling rate for nitrogen decreased with time as opposed to those for
methane which increased up to a certain time. Furthermore, the
evaporation of nitrogen on water is strongly dependent on the amount
spilled. For a spill of 0.68 g/cmz, 0.34 g/cm2 were evaporated in 30 s
and 0.57 g/cm2 in 60 s, whereas for a spill of 1.64 g/cm2 the mass
evaporated in the same time intervals was 0.57 and 1.07 g/cmz,
respectively. Similar observations have been made by Jeje (1974) and
Dincer (1975) but a satisfactory explanation for this phenomenon has
not been given. This study deals with evaporation of light hydro-

carbons and their mixtures; therefore, no further investigation into

the evaporation of nitrogen on water was made.
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Methane-Ethane Mixtures

Seven spills of methane-ethane mixtures on water were performed.
The amount of methane present in the mixtures ranged from 80.3 to
98.5 mole percent. The experimental conditions for these tests are
given in Table 5-4. The mass evaporated in these tests as a function
of time is given in Figure 5-7. Upon contacting the water, rapid
boiling took place. The boiling rate increased with time and reached
a peak within 10 to 25 seconds, as can be seen in Figure 5-8. It is
important to note that the greater the amount of ethane present, the
faster the peak boiling rate was reached.

The water surface was completely covered with ice in about 5
seconds. Although the ice formed was non-uniform in shape, it was
not particularly rough. In fact it looked like a uniform layer with
some disc shaped pieces of ice placed on its surface. These secondary
ice formations were probably the result of the freezing of some water
that was displaced through some portions of the water still uncovered
with ice. Such displacement would be caused by pressures developed
after small amounts of cryogen boil beneath the ice, thereby expanding
in volume nearly three hundred fold upon evaporation. This cryogen
could either seep through cracks in the ice or contact water through
the uncovered areas. The ice thickness was on the order of 1 cm, but in
the irregular areas, it was about twice as thick.

Extensive foam was generated in all of the LNG tests. The
height of the foam was at least 10 cm. In test R-38 the foam over-

flowed the container and caused partial loss of the mixture charqe.
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TABLE 5-4

Experimental Conditions for Methane-Ethane Mixtures

Methane
(Motle %)

98.
98.
90.
86.
93.
83.
80.

5
1
0

Mass
Spilled

(9/cm’)
0.80
0.81
1.08
0.69
0.71
0.71
2.06

Initial Water
Temperature

(K)
295.
294.
297.
295.
296.
293.
289.

Area
(cm

139
139
143
143
143
133
133
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The container was a short one, about 10-12 cm head room over the water
surface. Foaming stopped, consistently, at nearly the time that a
mass equivalent to the amount of methane present in the mixture had
evaporated.

The bubbles had a bimodal size distribution. Large bubbles,
maybe 1 to 2 cm in diameter, rose quickly through the boiling liquid
whereas the smaller bubbles, approximately 1 to 2 mm in diameter, rose

more slowly and often were seen to recirculate in the boiling liquid.

Ethane-Propane Mixtures

Two spills of ethane-propane mixtures on water were made. The
ethane present amounted to 85.8 and 89.7 mole percent, respectively.
Other experimental conditions are given in Table 5-5. The evaporation
curve as a function of time is shown in Figure 5-9. The initial rate
of boiling (Figure 5-10) was very high; in fact, a violent pop was
heard in test R-23.

Ice formation took place very quickly, after which boiling pro-
ceeded in a smooth and uneventful fashion. No foaming was observed

with these mixtures.

Methane-Ethane-Propane Mixtures

Twenty-six ternary mixtures were spilled on water. The initial
compositions of the cryogen, as well as other experimental conditions,
are given in Table 5-6. Evaporation and boiling rate curves for some
selected tests are given in Figures 5-11 through 5-20. Rapid boiling

took place in the first few seconds and was accompanied by extensive
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TABLE 5-5

Experimental Conditions for Ethane-Propane Mixtures

Mass Initial Water
Ethane Spilled Temperature Area
Test (Mole %)  (g/cn?) (K) (cm?)
R-23 85.8 0.50 296. : 143

R-30 89.7 0.75 294. 143
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TABLE 5-6

Mass

Spilled
(g/cm’)

0.
.30
.68
.99
.74

O O O O O O O O o o O O O

— e d i e e - O OO

63

.58
.81
.80
.69
.92
.82
.90
.83
.87

.58
.87
.84
.46
.51
.42
.97
.20
.15
.52

Initial Water
Temperature

(K)

294.
289.
295.
295.
296.

296.
296.
298.
298.
295.
296.
295.
294.
294.
294.
289.
288.
288.
288.
289.
290.
289.
288.
287.
287.

Area
(cn?)
139
139
139
139

139

143
143
143
143
143
143
143
143
143
143
143
143
143
133
133
143
143
143
143
143
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Figure 5-12 Boiling Rates for Run R-15,
Ternary Mixture
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foam 10 to 15 cm high. The height of the foam receded with time and
eventually died out. Again, foaming stopped when the mass evaporated
was nearly equivalent to the amount of methane initially present in
the mixture.

The water surface was covered with ice, usually in less than 5
seconds. In most cases, the maximum boiling rates were achieved within
the first 8 seconds. The boiling rates then decreased with time to
very low values. In many tests secondary peaks in the boiling rates
were observed, their magnitudes were, however, much lower than the
initial peak.

Occasionally, a sudden burst of water squirted through the ice,
sometimes to heights of 5 cm over the ice. The bubble size distribution
was bimodal, very small bubbles about 1 mm in diameter were the main
constituent of the foam. Large bubbles, sometime over 1 cm in diameter,

quickly broke through the foam.

Mixtures containing Nitrhogen

Although nitrogen is present only in small amounts in LNG, its
effect on boiling characteristics has not been previously investigated;
therefore, a few experiments were made to determine the influence of
nitrogen.

Nitrogen was added to pure methane and, also, to LNG mixtures.
These mixtures were then spilled on water. Experimental conditions
are given in Table 5-7. Plots of mass evaporated as a function of
time for methane-nitrogen mixtures (Figure5-21) reveal slightly higher

evaporation rates in the first few seconds when compared to evaporation
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TABLE 5-7

Experimental Conditions for Mixtures Containing Nitrogen

Composition Mass Initial Water

(Mole %) Sp11]§d Temperature Areg
Test C, C, Cy N, (g/cme) (K) (cmé)
R-27* 94.6 0.25 5.2 0.91 294. 143
R-59 85.0 15.0 0.98 288. 143
R-60 89.7 11.3 1.88 288. 143
R-61 92.0 8.0 1.68 287. 143
R-28 83.6 8.3 5.0 3.1 1.20 295. 143
R-65 83.0. 9.6 4.9 2.5 1.06 287. 143
R-67 83.2 9.3 4.8 2.7 1.00 287. 143

*C.P. Grade Methane
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of pure methane. Afterwards, the rates of evaporation for the methane-
nitrogen mixtures are very close to those of pure methane (Figure 5-22).
Thus, the boiling curves for methane-nitrogen mixtures lie slightly
above and parallel to the methane boiling curves. This initial differ-
ence could be due to the lower heat of vaporization of nitrogen (199
kd/kg) when compared to that of methane (510 kd/kg). Therefore, for

the same heat fluxes a greater amount of the mixture containing nitrogen
would evaporate in the initial period of time.

No significant difference in visual observations of the boiling
of methane-nitrogen and pure methane was noted. It is important to
note that methane-nitrogen mixtures did not foam.

Nitrogen was added to a typical LNG mixture (85% methane, 10%
ethane, 5% propane) in an amount equivalent to 2.5 mole percent of the
final mixture. The mass evaporated as a function of time is shown in
Figure 5-23. During the first 10 seconds, the mass evaporated for the
mixtures with and without nitrogen essentially overlap each other.
After 10 seconds, however, the nitrogen-free mixture exhibited higher
evaporation rates for 10 or 20 seconds. The boiling curves then become
almost parallel to each other. It must be noted that test R-67 yielded
lower boiling rates than R-65 even though both had very similar com-
positions. The only difference was the amount spilled, 1.06 g/cm2 in
R-65 and 1.00 in R-67. During test R-67, a sizzling sound was heard
about 60 s after the spill; this corresponded to the high boiling rate
exhibited at that time.

Extensive foam, on the order of 15 cm, was seen in the first few

seconds. This foam, as previously described, decayed after the
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preferential evaporation of methane. The crackling sound, often heard
while spilling LNG mixtures, was not heard when nitrogen was present.
No other differences could be noticed between boiling of nitrogen-

containing and nitrogen-free LNG mixtures.

Waten Temperatures

The most significant portion of the temperature gradient in the
water layer was in the upper centimeter or two. Thermocouples Tocated
2 cm or more below the water surface recorded temperature changes in
the neighborhood of 2 K. Thermocouples located closer to the surface
(2-3 mm) almost invariably reached the freezing point and lower temper-
atures as ice began to encapsulate them. Obviously, the depth to which
significant changes were observed depended on the amount of cryogen
spilled. It is this amount which determines the energy to be removed

from the water/ice substrate.

Vapor Temperatures

During the evaporation of pure methane on water, the vapor thermo-
coub]es recorded temperatures 10-20 K higher than the saturation temper-
ature for spills of 0.5 g/cmz. For spills higher than 1.5 g/cm2 the
superheat was reduced to 0-5 K. Jeje (1974) reported superheats of
10-30 K but with similar trends. When the amount spilled was higher
than 1.5 g/cmz, the vapors were superheated between 0 and 10 K.
Obviously, the vapors produced at the vapor film/cryogen interface are
superheated and are brought back to saturation temperature as they

rise through the boiling methane. If the methane layer is a shallow



-213-

one, as is the case of spills of less than 0.5 g/cmz, the vapors do
not have enough time to return to the saturation temperature therefore
breaking through the methane surface still superheated. On the other
hand, if the amount spilled is greater than 1.5 g/cm2 (non-boiling
hydrostatic head of about 3 cm) the vapors are essentially at the
saturation point.

Ethane vapors exhibited superheats of less than 5 K for spills
of about 0.8 g/cmz. Where the amount spilled was greater than 1.0
g/cmz, the vapors were evolved at the saturation temperature.

Propane vapors were evolved at the saturation temperature of
propane.

In the case of mixtures, the vapor temperatures followed the
composition-dependent saturation temperature. Extensive evidence to
this extent was given in Chapter IV. Therefore, no significant super-

heats were recorded for LNG mixtures boiling on water.

Discussion of Results

The following discussion of results will be qualitative in nature.
The formulation of mathematical models based on these qualitative
observations (as well as theoretical heat transfer considerations)

will be made in Chapter VI.

Methane
The rates of evaporation exhibited by very pure liquefied methane

boiling on water are puzzling at first. They increased with time,
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reached a peak and then decreased. Intuition dictates that the rates
should be high at first and then decrease with time. Such conclusions
can be reached by considering the heat fluxes in the water layer whose
surface suddenly undergoes a step change in temperature. The surface
temperature would change from the initial water temperature to one

near the saturation temperature of methane. Energy from the water
would be transferred across the water-methane interface to evaporate
methane. The heat flux would be proportional to the interfacial temper-
ature gradient in the water layer. This gradient would be high upon
jnitial contact of the two liquids and the heat fluxes would also be
initially high, and ice would form; as the gradient decreased, due to
cooling of the ice, the heat flux and, consequently, the rate of evapo-
ration would decrease. Given an infinite time the gradient would
vanish, no heat would flow across the interface and boiling would

stop. The experimental results, however, disagree with the above
intuitive concept.

A closer look at how methane boils on water was necessary. Small
amounts (~1 cm3) were spilled on water. The small methane "island"
floated on and skated across the water surface. Eventually, water
cooled down and froze under the methane island. The island remained
on the surface of the ice where it suddenly evaporated. This suggests
that methane was film boiling on the water surface, and a vapor film
that separated the methane from the water allowed the methane freedom
to roam. Once the ice formed, its surface temperature dropped and the

vapor film collapsed, thus immobilizing the methane on the ice surface.
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Boiling of methane on solid surfaces was described in Chapter II.
Since no studies have been reported on the determination of boiling
curves (Q/A vs AT) for methane on water or ice, the curves on solid
metals will be taken as a starting point. As can be seen in Figure
2-8, methane film boils at a difference in temperature as low as 180 K,
corresponding to methane (112 K) contacting water at 292 K. The
insulating behavior of the film results in the low initial heat fluxes
observed. As energy is taken from the upper layers of water, the temper-
ature drops and ice is formed. The ice temperature continues to drop,

thus decreasing the AT (T (The saturation temper-

sat = Thot surface)-
ature of methane does not change.) This difference in temperature is
no longer high enough to sustain a stable film. The film begins to
collapse; liquid-ice direct contact is made thus allowing higher
heat fluxes and boiling rates. Further cooling of the ice layer pro-
motes nucleate boiling. Intimate contact is made between the boiling
methane and the ice, effectively eliminating the surface resistance to
boiling. The major resistance to heat transfer becomes one of conduc-
tion through the growing ice layer. Then, the heat transfer rates
decrease as the temperature gradient at the ice surface decreases with
time.

At first it was thought that the increase in heat flux for methane
boiling on water was due to a progressive shift to nucleate boiling
caused by a progressive coverage of the water surface with ice, as

suggested by Boyle and Kneebone (1973). The assumption is made that

the cryogen would nucleate boil on ice as soon as the ice was formed.
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(It must be noted that Boyle and Kneebone report a constant rate of
evaporation for methane; the above concept was given as an explanation
for the increase in heat fluxes for LNG boiling on water). However,
when methane was spilled on a solid block of ice, it was also found

to film boil at first. As can be seen in Figure 5-24, during the first
30-40 seconds it makes little difference whether boiling is taking
place on ice or on water. Such an observation is consistent with the
idea that the surface on which boiling takes place has little effect

on film boiling since a layer of vapor separates the boiling fluid

from the heating surface. For spillages on water, a large amount of
energy is liberated during ice formation and this energy is conducted
through a thin layer of ice. For the spillages on ice, only conductive
processes are possible; the additional source of energy, i.e., solidi-
fication of ice, is no longer available. Therefore, once nucleate
boiling is approached and the surface resistance becomes negligible,
one would expect higher heat fluxes for methane spilled on water than
for spills on a solid block of ice.

Therefore, it is concluded that when methane is spilled on water it
initially film boils; as the water cools beyond the freezing point, ice
is formed. The temperature of this ice continues to decrease until
the AT is no longer high enough to maintain stable film boiling.
Transitional boiling takes place and the heat fluxes begin to increase
reaching a peak which is limited by the internal conductive resistance

to heat transfer in the substrate (ice or water).
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on Water and on Ice



-218-

Ethane

The rates of evaporation of ethane on water resemble those exhibited
by methane. The rates increase with time and then decline after reaching
a peak. This peak, however, is attained much sooner than in the case
of methane. Ethane takes about 10 seconds whereas methane peaks at
around 40 seconds.

The explanation for this behavior follows that given for methane.
According to Figure 2-9, for a difference in temperature of 205 K
(ethane at 184.5 K and water at 290 K), ethane is in the transition
regime. Thus, the initial heat fluxes are higher than the correspond-
ing ones for methane. As the nucleate regime is approached, higher
heat fluxes are attained. Ice formation takes place within 5 to 10
seconds. The ice surface cools down and, once its thickness begins
to grow, it becomes the major thermal resistance. As the surface
temperature of the ice approaches that of ethane, the temperature
gradient near the surface begins to decrease as do the heat fluxes
and boiling rates.

Ethane was also boiled on a solid block of ice (Figure 5-25).

It exhibited a decreasing boiling rate with time. In this case the
surface of the ice cooled down very quickly, unlike spills on water in
which transition boiling is maintained for several seconds. During
this time ice is being formed and severe drops in surface temperature
delay for a few seconds. Essentially then, ethane boiling on ice is
controlled by neat conduction through the ice motivated by a step

change in temperature on the ice surface.
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Propane

The boiling rates for propane are also explained by following
the same line of thought and with methane and ethane. The initial
temperature difference corresponds to the neighborhood of the high
peak nucleate flux for propane (Figure 2-11). An intimate liquid-
liquid contact is established upon spilling the propane on water; high
heat fluxes are achieved. Furthermore, when any liquid cryogen is
spilled on water, it inevitably penetrates the water surface due to
inertial forces. Propane evaporates quickly under the water, and the
rapid expansion and movement upward of the vapor splashes the water.
This water interacts with the still falling propane and results in a
further disturbance on the surface of the water. As a result, the area
for heat transfer is increased significantly. Furthermore, the water
that is thrown upward freezes in situ upon contacting the liquid propane.
A1l these chaotic phenomena result in the violent initial boiling of
propane. And, since these events are chaotic in nature, the amount
evaporated in the first few (v3) seconds varies significantly from run
to run. This variation has also been observed by Mohammadi (1977) and
Reid and Smith (1977).

The initial disturbance of the water does not play such an impor-
tant role in the case of methane since the initial film boiling rates
are very low. No splashing of water takes place and the interface
recovers quickly. Ethane is an intermediate case but the interface
seems to have enough time to recover; the splashing of water is not

nearly as severe as with propane.
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Once a coherent ice layer covers the interface completely, heat transfer
becomes controlled by conduction through the ice and the boiling rates
decrease to very low values consistent with heat conduction through

the growing ice layer. In fact, boiling of propane on a solid block

of ice (Figure 5-26) took place in a very smooth fashion and at very

low boiling rates. Unlike spills on water, the surface area for heat
transfer was very well defined and no water was splashed up to evaporate

propane.

Mixtures

The evaporation of mixtures is a far more complicated situation.
In addition to shifts in boiling regimes, one must consider the change
in composition and saturation temperature of the residual liquid as
preferential evaporation of the more volatile components takes place.

Consider a binary mixture of 90% methanc and 10% ethane. The
saturation temperature is close to that of methane (Figure 4-11). As
in the case of pure methane, a vapor film is formed. As the vapor
bubble is being formed, the liquid at the base of the bubble becomes
depleted in methane since the vapor bubble is made up primarily of the
most volatile component (see Chapter IV on Vapor-Liquid Equilibria).
The Tiquid remains essentially isothermal but a thin liquid layer at
the base of the bubble has changed significantly in composition, heat
transmission and evaporation being much faster than diffusional mass
transfer. This means that for this thin liquid layer to be in equi-
librium the pressure must drop. Or, in other words, the vapor pressure

of this thin layer becomes less than one atmosphere (see Table 5-8).
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TABLE 5-8

Isothermal Vapor Pressures for Methane-Ethane Mixtures (113 K)

Methane Pressure
0 -5 2 *

Mole % 10 ¥ N/m

90 1.01

80 0.91

70 0.82

60 0.72

50 0.62

%1 atm = 1.01 x 10° N/m
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As some of the vapor in the film evaporates into the growing vapor
bubble, the low vapor pressure of the thin surface layer (richer in
ethane) hinders the replenishment of the vapor film. Thus, the vapor
film collapses. The bubble is pinched off and carries in its wake

the ethane-rich layer which then mixes with the bulk of the liquid, as
shown in Figure 5-27. Fresh 1iquid rushes in and a temporary liquid-
liquid contact is made, which allows for high heat fluxes. The vapor
film is reformed and the cycle begins again. Because some Tiquid-
1iquid contact is made, the water cools faster and ice is formed
faster than with pure methane.

The small size of the bubbles is explained by the Marangoni effect
taking place at the base of the bubble. The enrichment of a thin
liquid layer in ethane causes an increase in surface tension at the
base of the bubble (cC2 > OC])' This increase in surface tension
causes the bubble to be pinched off at a smaller diameter than in the
case of pure methane. Furthermore, the surface tension gradient at
the base of the bubble "pulls" fresh liquid in as the bubble detaches.

In the case of mixtures richer in heavier hydrocarbons, the decrease
in vapor pressure of the thin rich layer is even more dramatic, so the
film collapses much more easily. This not only increases the rate of
jce formation but accelerates the cooling of the ice once it is formed.
The difference in temperature between the ice and LNG decreases
rapidly to the point where the vapor film cannot be regenerated. These

factors result in the attainment of the peak flux at shorter times for

mixtures containing heavier hydrocarbons.
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This theory presents a plausible mechanism to explain why there
carbons to methane.

The eventual enrichment of the bulk Tiquid in heavier hydrocarbons
due to the preferential evaporation of methane plays a very important
role in the latter part of the boiling process. It was previously
indicated, in Chapter IV, that the saturation temperature of a mixture
of methane and ethane will not change appreciably until the residual
methane is less than about 20%. The saturation temperature then
quickly rises to that of ethane (Figure 4-11).

Consider the 90% methane, 10% ethane mixture spilled on water.
After the ice has formed it begins to cool down and approach the
saturation temperature of the mixture. The bulk of the liquid is
being depleted in methane and, when almost all the methane is gone, the
saturation temperature of the cryogen begins to increase towards that
of pure ethane. Considering the situation from the ice point of view,
its surface is placed in contact with a body at a very low temperature;
as the surface of the ice is approaching this low temperature, the
temperature of the cold body begins to increase. This upsets the tem-
perature gradient near the interface and results in very low heat
fluxes. Furthermore, the residual 1iquid must be warimed to the con-
tinuously increasing saturation temperature. Thus, most of the modest
amount of energy being transferred goes into heating the residual
mixture and very little into actual evaporation. The overall result

is a very low rate of evaporation.
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When an LNG mixture rich in heavier hydrocarbons is spilled on
water, one would initially expect high heat fluxes and boiling rates.
After ice is formed, it cools down and approaches the saturation point
of mixture. Once the methane has been depleted significantly in the
bulk of the residual liquid, the saturation temperature begins to rise
and the heat flux decreases. Most of this small amount of energy goes
to heat up the residual liquid to the new saturation temperature.

Once all the methane is gone, the mixture is primarily ethane and
propane. A new plateau in saturation temperature is reached as the
heat flux goes toward preferentially evaporating the ethane yielding a
secondary yet small peak in boiling rate. However as can be seen in
Figure 4-12, the difference in volatility between ethane and propane
and the change in saturation temperature are not as drastic as in the
case in which methane was present; thus, although the behavior upon

exhaustion of ethane will be similar to the previous exhaustion of

methane, it is not as pronounced; in fact, a third peak is not necessarily

expected.

Comparison of Results

Comparison with results reported by previous researchers is
limited in scope. As indicated in Chapter II, Burgess (1970, 1972)
used a very simplistic technique and reported only average values.
Results reported by Boyle and Kneebone (1973) are questionable since
very small amounts of cryogen were spilled in large confined pools;
thus the exact area for heat transfer is debatable. In addition,

boiling was accompanied by spreading in the initial period, a fact
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which was unaccounted for. Because Vestal (1973) used a very small
flask in his experiments, it is possible that a large amount of the
energy for evaporation was supplied by the walls of the flask. Jeje
used a more sophisticated technique and his results are the only ones
that could be used in a quantitative comparison.

A qualitative comparison with reported resuits for pure methane
boiling on water is given in Table 5-9. The water temperature did not
have a significant effect in the evaporation of methane. This conclu-
sion is in general agreement with other investigators. Similarly, the
amount spilled does not play an important role in the evaporation of
methane. The heat flux and boiling rate increases with time, a point
with which only Vestal disagrees. This study, however, provides
evidence that the increase in boiling rate does not continue indefinitely.
It reaches a peak when the vapor film collapses completely and sub-
sequently decreases monotonically.

Ultra high purity methane does not foam; the vapors are superheated
10-20 K when the amounts spilled are less than 0.5 g/cmz; the superheat
decreases as the amount spilled increases.

A similar comparison cannot be made with LNG. Evaporation of LNG
is a far more complicated situation in which the composition plays the
most important role. Each spill would have to be compared on the basis
of the amount of each hydrocarbon present.

It's worthwhile to note that in a few experiments with methane-
ethane mixtures in which the conditions were similar (composition, mass
spilled), results in this study were comparable to those obtained by

Jeje.



TABLE 5-9

Boiling of Liquid Methane on Water

Investigator Burgess Vestal Jeje Dincer Valencia
Q High 82(Avg) 197 95 110 120
(kW/m?)  Low 51(Avg) 30 30 25
(Avg)

Effect on Q due to
an increase in:

Water Temperature -- same same same same
Cryogen Mass up -- same same same
Time up down up up up, initially
down after
collapse of
vapor film
Foaming? -- yes no -- no
Rough Interface? -- no no -- no
Vapor Superheat? -- - 10-30 K - 0-10 K (>0.5 g/cn’),

10-30 K (<0.5 g/cm“)

-62¢-
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VI. HEAT TRANSFER MODELS

Several authors have attempted to quantitatively explain the
boiling of cryogenic hydrocarbons on water or even to predict a priori
the boiling behavior of these hydrocarbons. Most of these models are
rather simplistic and limited in their application. Therefore, it is
desirable to develop appropriate mathematical models that will allow
the prediction of the boiling behavior of LNG mixtures spilled on

water.

Previous Models

Hoult (1972) couples evaporation and spreading rates of LNG to
predict the time required for evaporation of a mass of LNG spilled on
open water. Spreading is accounted for by allowing the area for heat
transfer to vary with time. If the area is kept constant, Hoult's
model applies to confined spills, such as those in the present study.
Hoult assumes that the heat used to vaporize the LNG comes from

freezing a layer, §, of water

AT _ fusion dé _
kice S Pwater AH dt (6-1)
The solution to this equation is
2 k; o AT 7 1/2
§ = s (6-2)
apfusion
Pwater
where
AT = Ting = Tfusion (6-3)
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Thus the heat flux becomes

1/2
fus
k. AT o AH
a/A = < ice gater > 1']/2 (6-4)
or (in SI units)
-3 1/2
a/A = (3.298 < 1077 x 160 x 1000 » 333.9) -1/
o/A = 297 V2 (ku/m®) (6-5)

The rate of boiling can be obtained by dividing the heat flux by the
heat of vaporization (510 kJ/kg),

-1/2

/A = 0.058 v /2 (g/cm®-s) (6-6)

Integrating the above expression up to time t yields the total mass

evaporated in that period of time,
M/A = 0.116 <72 (g/cm®) (6-7)

The mass evaporated predicted by Eq. (6-7) is compared to experimental
data in Figure 6-1. Similarly, the boiling rates predicted by Eq. (6-6)
are compared to experimental data in Figure 6-2.

Hoult's model ignores several factors both in the freezing and
boiling processes. A linear temperature gradient across the growing
ice layer is assumed, yet no provisions are made to account for the
sensible cooling of ice. Sensible cooling of the water under the ice

is also neglected. The major disadvantage is Hoult's assumption that
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the only thermal resistance is within the ice layer; any surface
resistance to boiling is completely neglected. This study has
proven that the surface resistance is the dominant one in the early
portion of the boiling process, particularly for “"lean" LNG's (small
amounts of heavy hydrocarbons). Furthermore, this model does not take
into consideration the composition of the LNG which considerably affects
the boiling behavior.

Fay (1973) improves Hoult's model by accounting for the sensible
heat of cooling the ice below the freezing temperature:
k %}'= <? ¢ %;'+ Pice AHfus) %% (6-8)

ice Pice

The thickness of the ice layer at a time t is given by the solution

2 ky o AT T 1/2
§ = F T (6-9)
. MM+, ¢ Al
Pice

The heat flux becomes

to this equation,

1/2
fus C AT
(kice AT(pice B+ pice Pice 2)) 12 (6-10)

a/h = ,

Substituting the physical constants in SI units

a/A = (3.298 < 1073 x 160
7

12 42
x (921.2 x 333.9 + 921.2 x 1.53] x 160/2)) .
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or

a/A = 333.05 v /2 (ku/m?) (6-11)
The boiling rate is given by

m/A = 0.065 v /% (g/cmP-s) (6-12)
and the mass evaporated by

M/A = 0.131 V2 (g/cm®) (6-13)

The mass evaporated and boiling rates predicted by these equations
are compared to experimental data in Figures 6-1 and 6-2, respectively.
Fay's model suffers from the same shortcomings of Hoult's model,
with the exception that the sensible heat of cooling the ice has been
accounted for.
Opschoor (1977) uses a model similar to Fay's, but realizes the
fact that initially film boiling will occur and that the cryogen
saturation temperature will increase as methane preferentially evaporates.
Using equations similar to Fay's, Opschoor indicates the following time

dependancy for the evaporation rate of LNG
m/A = 0.0517 V2 (g/emP-s) (6-14)

Opschoor indicates that an ice layer will form after about 20 s and

Eq. (6-14) will apply after the ice has formed. After examining the
data reported by Boyle and Kneebone (1973), Opschoor concludes that

a reasonable model for the boiling rates of LNG on water is represented

by the following equations:
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m/A = 0.0008 t (g/cmP-s) 0 <t <25s
(6-15)
m/A = 0.0517/(x - 20)V/2 (g/cm®-s) > 25 s
The corresponding mass evaporated is given by
- 2 2 < .
M/A = 0.0004 = (g/cm 012255
(6-16)
- 1/2 2
M/A = 0.103 (T - 20) +0.019 (g/ecm”“) 1 >25s

The choice of values in these equations is determined by best fitting
two sets of experimental data; they are not derived from any theoretical
considerations. Therefore, this model is a semi-empirical one and
although Opschoor recognizes two important factors, initial film
boiling as well as change in saturation temperature with preferential
evaporation of volatiles, he is unable to incorporate them in his
model on any theoretical grounds.

Before introducing the model proposed in this study for the
evaporation of LNG on a confined water surface, several simpler
models will be developed to illustrate the qualitative explanations
given in Chapter V. The easiest case to be treated is the evaporation
of liquid hydrocarbons on a solid body such as ice; this case can be
approximated by conduction through a semi-infinite solid whose surface

suddenly undergoes a step change in temperature.

Semi-Infinite Solid

Consider a body whose surface is the plane x = 0, of infinite

depth in the x-direction and unbounded in the other two cartesian
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directions, as shown in Figure 6-3. The equation that governs the

transient conduction is

o 3 = % (¢ 5x) (6-17)
The thermophysical properties of ice do change between the freezing

point of water (273 K) and the boiling point of methane (112 K),

(see Appendix D). If the properties of ice are evaluated at the

average of the ice and cryogen temperatures, the approximation of
constant properties may be used to rewrite the differential equation

as

2
a._ 3—%— (6-18)
X

T
where the thermal diffusivity o is defined as

k
a4 = — (6-]9)
pCp

With the following boundary conditions

T = Ti X 20 =20 (6-20)
T = TC x =0 >0 (6-21)
T=T. X = o ’[>0 (6“22)

the solution to the differential equation is

T-T
.—l.—%=er‘f

i c Vot

(6-23)
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The heat flux across the interface is given by

dT

Q/A = k a’x‘ x=0 (6-24)
or
k(T. - T.)
q/A = 1 c (6-25)
Yrat

Using the thermophysical properties given in Table 6-1, the following

heat fluxes are obtained for methane, ethane and propane boiling on

ice,
A/A ihane = 196-5 T/ (kW/m?) (6-26)
A/ yppane = 105.0 < /2 (ki/m®) (6-27)
9/ vopane = 492 V2 () (6-28)

The total mass evaporated up to a time t can be evaluated by
integrating the heat flux equations and dividing by the heat of

vaporization of the cryogen,

M/ Anethane = 0-07706 /2 (g/cmz) (6-29)
M/Aothane = 0-04294 M2 (gren) (6-30)
M/A = 0.02310 «'/% (g/en®) (6-31)

propane
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TABLE 6-1
Thermophysical Properties Used in the

Semi-Infinite Solid Model

Methane Ethane
11.7 184.5
273.2 273.2

3.298 x 1073 2.721 x 1073
921.2 917.5
1.531 1.764

2.338 x 1070 1.681 x 107°
510. 489.

*Evaluated at T = (TC + Ti)/Z

Propane
231.3
273.2

2.439 x 1073
915.2
1.938
1.375 x 107°

426.
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Predictions made by these equations are compared to experimental
data in Figures 6-4, 6-5 and 6-6, respectively.

The semi-infinite solid model overestimates the mass evaporated
for methane boiling on ice, particularly in the first 40 seconds.
Such disagreement is expected since methane film boils on ice in the
initial phase. This was discussed in Chapter V. As a consequence of
the formation of the vapor film, the ice surface does not come in
direct contact with methane. Therefore its temperature does not
approach the temperature of methane until the film collapses since a
gradient exits across the vapor film. After about 20 seconds, the
heat flux predicted by the model decreases significantly whereas in
the actual experiments the film is beginning to collapse and high
fluxes are attained; the overall result is that after about 40-50
seconds the agreement between the model and the experimental data is
a reasonable one.

In the case of ethane, transitional boiling takes place; however,
the ice surface temperature drops quickly and nucleate boiling is
established. Thus the surface of the ice quickly approaches the
temperature of ethane, and the model is a good representation of the
physical situation. Propane nucleate boils on ice, so the surface
temperature of the ice approaches the propane temperature rather fast
and the model also gives a good representation of the physical
situation.

For the more important case of evaporation of hydrocarbons on

water, it would appear that a new model must be used.
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Moving Boundary Model

Consider the system shown in Figure 6-7. At a time t = 0 s a
cryogen at a temperature Tc is placed in contact with a body of water
at a uniform initial temperature Tw. Since the cryogen temperature
is lower than the solidification temperature of water, Tf, ice will
begin to cover the water surface. The ice layer will continue to
grow in thickness as more cryogen boils on its surface. Thus the ice-
water boundary moves with time. A further complication arises due to
the density of ice being lower than that of water; this causes the
ice-cryogen interface to be displaced from the original water-cryogen
interface.

Heat transfer in the ice layer must satisfy the transient conduc-

tion equation

T, ¥°T,
FT_ = (x-l ' 2 (6-32)
X
]
The same equation is assumed to apply to the water layer
dT, 2T,
T "% 7 (6-33)
X
2
At any time v > 0
T] = TC at Xy = 0 (6-34)
and
T2 = Tw at Xy = (6-35)
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The displacement of the cryogen-ice interface is controlled by the

ratio of the water to ice densities

—=-£=3 (6-36)

The temperature of the ice-water interface must be at all times the

solidification temperature of water
T] =T, = Tf at x; =y or x, =n, (6-37)

When the ice-water interface advances a distance dn], a quantity of

heat p]AHfusdn] is 1iberated per unit area and must be removed by
conduction
T dn
- kz(}—j§) = oy aH™e L (6-38)

3T]
k —_—
](ax > X dt
1 _ 2
X

™M Xo=n9

The solution to the above system of differential equations is due to
Neumann (1912) although since Stefan (1891) first discussed the
problem in a study of the thickness of polar ice, problems of this
type are referred to as "Stefan's Problems".

Evaluation of the temperature profiles as well as heat fluxes
require the determination of a parameter K, given by the equation

(Eckert and Drake; Carslaw and Jaeger)

2
(T - Ty exp(-K°8%7/4a)) (T, - Tk, exp(-K?/4a,)
/o erf(Ks/Z/E}) Vo, erfc(K/Z/EE)
AHfusp] K 8

= —§—_ (6-39)
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The temperature profile in the ice becomes

T, - If. erf(x]/ZA{ff)
T

T = = ] - -——---*—-ﬂ—-'—":—:"' (6-40)
c f erf(KB/Zﬁz])

and the temperature profile in the 1iquid phase becomes

A L -
w | f erfc(K/Z/EE)

The heat flux across the cryogen-ice interface

di (6-42)
a/A = k, — 6-42
1 ax] x]=0
becomes
ki (T, - T))
QA = — = (6-43)
erf Vna]T
2/5;

Again if the thermophysical properties are evaluated at the average
temperature between Tf and Tc’ and then assumed constant, the heat

loss from the ice is

-1/2

qQ/A = et (6-44)
where
k (T, - T.)
e =1 F < (6-45)
Vna] erf
Zﬁ;;
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These constants can be evaluated with the values given in Table 6-2.

For methane

K8 _ 0.507
Z/a_]
and a/A =373 V2 (k) (6-46)

Integrating over time and dividing by the heat of vaporization one

obtains the mass evaporated per unit area.

M/A = 0.146 /2 (g/cmd) (6-47)
For ethane
55§f = 0.413
and o/A = 238 < V2 (k) (6-48)
M/A = 0.097 <2 (g/en?) (6-49)
For propane
| Ef%fyz 0.302
and o/A = 149 < V2 (kumt) (6-50)
M/A = 0.070 <2 (g/en?) (6-51)
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K (m/s/2)

B

-250-

TABLE 6-2

Moving Boundary Model

Methane
1M1.7
273.2
288.0

3.298 x 10°
921.2
1.531

2.338 x 10

5.687 x 10~
999.9
4.1992

1.354 x 10

510.

333.9
14.30 x 10~

1.085

*Evaluated at T = (TC + Tf)/2

**Evaluated at T = (Tw + Tf)/z

3

6

4

7

4

Ethane
184.5
273.2
288.0

2.721 x 1073

917.5
1.764
1.681 x 10

5.687 x 10

999.9
4.1992
1.354 x 10

489.
333.9
9.82 x 10°
1.090

4

6

4

7

Propane
231.3
273.2
288.0

2.439 x 10
915.2
1.938

1.375 x 10

5.687 x 10~

999.9
4.1992

1.354 x 10~

426.
333.9
6.47 x 10°
1.093

4

3

6

4

7
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The mass evaporated as a function of time predicted by Eqs. (6-47),
(6-49) and (6-51) were compared to experimental data in Figures 6-8,
6-9 and 6-10, respectively.

The values predicted by the Moving Boundary Model for methane boiling
on water are much too high in the first 40-60 seconds. After this
period of time, the predictions are closer to the experimental data
but always on the high side. This is understandable since the model
assumes that the surface temperature of the substrate (ice/water)
approaches the cryogen's temperature immediately after the spill. The
formation of the vapor film obviously prevents the substrate surface
from reaching the temperature of the cryogen until the film collapses
and nucleate boiling is established. This happens after about 40
seconds. Consequently, it is reasonable to expect the experimental
heat fluxes, and the mass evaporated, to be lower than those predicted
by the model, particularly in the early period of the test.

The predictions for ethane boiling on water are also too high in
the first 20-30 seconds. As previously explained in Chapter V, ethane
is not believed to nucleate boil on water upon initial contact; instead
it boils in the transition regime. The surface of the substrate
approaches the temperature of ethane after 10-15 seconds when nucleate
boiling is fully established. The model, then, assumes a larger
temperature drop than the actual one and, consequently, predicts
higher initial heat fluxes and mass evaporation.

Propane is extremely difficult to characterize. The amount

evaporated in the first couple of seconds is strongly dependent on
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the disturbance of the water surface caused by the spill. Propane
nucleate boils on water upon initial contact, so the surface of the
ice formed quickly reaches propane temperatures. Therefore, the
predictions made with the Moving Boundary Model should be close to
the experimental data except for the first few seconds. This can be
observed in Figure 6-10; the experimental data lies parallel to the

model predictions, differing only in the first few seconds.

Regression of Surface Temperature by Using Convolution Integrals

A severe limitation in the Semi-Infinite Solid and the Moving
Boundary Models is the boundary condition at the surface that implies
that the surface temperature undergoes a step change and remains con-
stant thereafter. In order to develop a model closer to the physical
situation, the temperature at the surface of the substrate must be
allowed to vary with time. The heat fluxes obtained from experimental
data are used to determine the time functionality of the variation of

the surface temperature of the substrate.

Boiling on Ice
Transient conduction in a semi-infinite solid is controlled by

Eq. (6-18), repeated here for convenience.

2
aT a T
CARE | (6-52)
ot 3X2
or
2
30 _ 9% )
F (6-53)



-256-
(6-54)

where

and
Ti = jnitial temperature

Constant properties are assumed and are evaluated at the average

of the initial solid and cryogen temperatures.

The following boundary conditions apply,

=0 at x20,1=0 (6-55)
§§=-9T((1)x=o,r>o (6-56)
8 =0 X=eo ,1>0 (6-57)
Using Laplace transforms on Eq. (6-53) yields
2_
s = a 5 (6-58)
X
Similarly, the Laplace transform of Eq. (6-56) is
28 _q(s) ;
= c (6-59)
The solution to Eq. (6-58) is
(6-60)

8(x,s) = C, exp(-é x) + C, exp( \E— x)

The condition given by Eq. (6-57) can be met only if C2 = 0, thus
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5(x,5) = €, exp(- {5 x) (6-61)

Replacing Eq. (6-61) in Eq. (6-59) one obtains

%; IX=0 - C1('\/§) EXP(-\E x) =-C, Jg = - H{E)
and
G =¥ g{g) (6-62)

Equation (6-61) becomes

0(x,s) = 9-'((—5—)‘/?3 exp(-\l—é’lj x) (6-63)

The time dependent solution is obtained by taking the inverse Laplace

transform of the above expression.
e( . gﬁ) g o
X,7) = L Vs exp(- yg5 x) (6-64)

At the ice surface, x = 0 and

0(0,1) = L] gf‘{}) ng (6-65)
or T
6(0,1) = ‘m/%f a2 (r - 2) V2 4 (6-66)
0

Using the following substitution

du = (¢ - )12 gy (6-67)
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or

u=- (r-2)"2 (6-68)

Eq. (6-66) can be rewritten as
g2/ 2
0(0,t) = ]E\/%f q(t - !4—) du (6-69)
0

This equation can then be integrated numerically using the experimental
heat fluxes.

The drop in surface temperature of ice after a methane spill,
calculated with Eq. (6-69), is shown in Figure 6-11. These results
further reinforce the qualitative explanation given in Chapter V,
methane film boils on ice at first, and nucleate boils only after the
surface temperature of the ice drops to the point that a vapor film
can no longer be maintained. Furthermore, the temperature drop can be
approximated by a linear drop in temperature over a period of time
Tef? in the case of methane 25 s.

The drop in the surface temperature of ice after an ethane spill
is shown in Figure 6-12. As in the case of methane, it takes a finite
time before the surface reaches ethane temperatures. This also rein-
forces the qualitative explanation given in Chapter V that ethane
boils in the transition regime first and nucleate boils subsequently.
Transition boiling means some intermittent contact between the ice and
ethane and, consequently, the surface temperature of the ice drops
more rapidly than in the case of methane. Again, a linear drop in
temperature can be used in subsequent heat transfer models. The time

Tef 1D this case is only 5 s.
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Bo.4ling on Waten

A convolution integral can be used to determine the drop in surface
temperature after spilling a cryogen on water. The differential
equations describing the Moving Boundary Model are used in a form
similar to those used for spills on ice.

The difference between the surface temperature and the freezing

point of water is given by the following expression:

-2/T
erf(KB/Z/E}) o u2
8(0,1) = k] - q(t - TT) du (6-70)
0

where k] and a, are the temperature-averaged thermal conductivity and

diffusivity, respectively, of ice. B is the ratio of the density of
water to that of ice, and K is the parameter defined by Eq. (6-39).

The drop in the surface temperature of the ice formed after spilling
methane on water is shown in Figure 6-13. These results are consistent
with the qualitative explanations given in Chapter V. There is a shift
from the initial film boiling to transition and finally to nucleate
boiling after the ice cools enough to inhibit any vapor film formation.
Again, the drop in surface temperature can be approximated by a linear
decrease with time, a convenient result that will be employed in sub-
sequent heat transfer models. The time for the complete collapse of
the vapor film, Tef is about 45 seconds.

The drop in surface temperature following a spill of ethane on
water is shown in Figure 6-14. This drop in temperature is again a
progressive one, in agreement with the theory that ethane initially

transition boils on water and nucleate boils afterwards when the surface
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temperature is low. A linear approximation for the temperature drop
can also be made, Tof is about 13 s.

Based on the above results, new heat transfer models can be
developed in which the surface temperature of the substrate (ice/
water) is allowed to decrease linearly with time. The time required
for the surface to reach the cryogen temperature, Tef? depends only on
the cryogen and the substrate, for pure components. For mixtures, one
must also consider the composition of the hydrocarbon.

The drop in surface temperature determined with convolution
integrals can also be used to construct boiling curves similar to those
given in Chapter II (Figures 2-8 through 2-10) for hydrocarbons boiling
on metal surfaces.

The boiling curves (heat flux vs. difference in temperature between
the substrate and the saturation temperature of the boiling fluid) for
the transient evaporation of methane , ethane and two mixtures are
given in Figures 6-15 through 6-18. The boiling curve for methane
shows an increase in heat flux as the difference in temperature decreases
from 160 to 20 K. The maximum nucleate flux is of 120 kw/m2 as compared
to 200 kw/m2 reported for steady state boiling on metal surfaces. The
low steady state film boiling fluxes of ~25 kW/m2 at the Leidenfrost
point, AT = 70 K, are not observed in the transient evaporation on
water. This is possibly due to the fact that a synchronization of
events in the transient evaporation is highly unlikely. While film
boiling is taking place at one point on the substrate surface, nucleate
boiling might be occurring at another point. Therefore, the overall

macroscopic result is an intermediate between film and nucleate fluxes,
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even though each individual point on the surface might follow the
steady state curve more closely. The difference in peak nucleate
fluxes may be due to the internal thermal resistance of ice which

limits the flow of energy; such a resistance is much lower, and there-
fore the limitation is non-existent, for steady state boiling on metals.

The surface roughness of metals may be very different from that of
ice which may also contribute to the above differences in the curves
for steady state boiling on metals and transient boiling on water (ice).

The maximum nucleate flux for ethane boiling on water is on the
order of 120 kw/m2 (Figure 6-16). Again this flux is lower than those
reported for steady state boiling on metal surfaces. An explanation
similar to that given for methane applies.

The position and shape of the transition portion of the boiling
curve on water is reasonable when compared to the steady state curves
for boiling on metals. This could be due to the fact that ethane
initially transition boils on water; thus the collapse of the vapor
film need not be overcome and the temperature throughout the surface,
at a given time, might be more uniform.

The boiling curve for a 90% methane, 10% ethane mixture (Figure
6-17) has a similar shape to that for methane boiling on water; the
heat fluxes, however, are higher. The early localized collapse of
the vapor film (due to the preferential evaporation of methane) is
thought to be responsible for these higher heat fluxes.

The boiling curve, an 83% methane, 13% ethane, 4% propane mixture

is given in Figure 6-18. Again, the collapse of the vapor film might
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be responsible for the high heat fluxes observed for the LNG mixture
boiling on water. When comparing this curve to the one reported by
Brown for steady state boiling on a metal, it is interesting to note
that if Brown's nucleate curve is extrapolated, it would lie reasonably
close to this curve.

The lowest AT reported for film boiling of an LNG on a metal
surface is 210 K, whereas that for methane is 70 K. Thus, it seems
that even at steady state the preferential evaporation of methane
causes earlier film instability by the same mechanism described in

Chapter V.

Variable Grid Size Heat Transfer Model

Basically, this model replaces the differential equations for
transient heat conduction with solidification (Stefan's Problem) with
difference equations which are then solved numerically. The major
advantages are that it allows the variation of surface temperature
with time as well as the variation of thermal properties with temperature.

Consider a Taylor expansion of the temperature field

2 2 3 3
Ax 3T . (Ax)© 3°T . (Aax)” 97T _
S TR TEa S TR S (6-71)

T(x+Ax) B T(

If the common approximation of neglecting second and higher order terms
is made, then the first derivative can be approximated by

of , Txrex) ™ T(x)

X AX (6-72)
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Similarly, a time deviative can be approximated by

oT | Nw#ar) ~ T(x)

0T AT (6-73)

One can then use a spatial grid with increments Ax and a time grid
with increments At to approximate a solution to the heat transfer
process.

Two methods can be used: the first assumes fixed increments Ax
and At. The movement of the ice-water boundary must be determined at
every time interval; often times this requires interpolation of temper-
atures since the freezing front could be located between grid points.
Unless care is exercised, large errors are likely to be introduced in
evaluating the spatial derivatives of the temperature field around the
freezing point. This inconvenience is removed in the second method in
which the ice layer is divided into m equally sized space increments;
these increments increase as the jce layer grows in thickness. Similarly,
the water layer is divided into m equally sized space increments as
shown in Figure 6-19. Both of these methods for the solution of
transient heat conduction problems involving freezing are described
by Murray and Landis (1959).

For each internal point, the time derivative of the temperature

is given by

de _ (36\ dx , 36 (6-74)
dt ax) dt 9T

The rate of movement of each internal point is related to the movement

of the freezing front,
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1 dx .1 de ]
X & e d (6-75)

38 _ 1 9 (k 92) (6-76)

Equations (6-74), (6-75) and (6-76) can be combined to yield an
expression for the time derivative of the temperature field within
the ice layer:

de, 38

90,
i i de 1 2 i
T e ax dr T ax 6‘1 _> (6-77)

™ |x

For the water layer the rate of travel of the internal points is given

by

—t

1 dx _

E-x dt E-e (6-78)

ala
=&

Combining Eqs. (6-74), (6-76) and (6-78) yields an expression for the

time derivative of the temperature field within the water layer:

An expression for the rate of travel of the freezing point can be
obtained by considering the fact that all the heat released during
solidification must be transferred by conduction, or

90,
pAHfus de _ i

dt i ax

a8

W
x=e kw ax | x=e (6-80)
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Where AHfuS

of the densities of ice and water and assumed to remain constant. A
value of 960 kg/m3 is used in this study.

At this point, the differential equations can be replaced by
difference equations. A three-point approximation is used for the

temperature gradients in Eq. (6-80):

de _ 1

dr
pyyAfl

fus 3 i 2(e/m) W 2(E-e)/(M-m)

Similarly, Eq. (6-77), for the ice layer, can be approximated by:

1 (kn—l/Z (001 = ) = Knary2 (8 - 9n+1)>
(e/m)2

For the water layer, Eq. (6-79) can be approximated by:

doy, = M-n (en+1 - en-1> de , . (en-l A en+1)
dt E-e 2 dt W (E_e)z/(N_m)z
Finally,
- de
eT+A e + At de
and
de
8 = + AT - o
n,ttAt N, dt

* . [3 .
Note that em = Tm - Tf = 0 by definition of m.

is the heat of fusion of ice and p is taken at the average

(6-81)

(6-82)

(6-83)

(6-84)

(6-85)
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As previously indicated, one of the advantages of using difference-
equation approximations is the flexibility to use temperature dependent
properties. In that regard, the following conventions are used in the
development of this model:

kice in Eq. (6-81) is evaluated at (em-l + em)/z

p.s C_ in Eq. (6-82) are evaluated at o
n" P n

kn-l/Z in Eq. (6-82) is evaluated at (en_] + en)/2

kn+1/2 in Eq. (6-82) is evaluated at (en + en+])/2

A11 the properties in the water layer are evaluated at the average of

the freezing point and the initial temperature of the water. In this

relatively small range, the properties of water do not change signifi-

cantly to merit a point-by-point evaluation as in the case of ice.

Physical properties for both ice and water are given in Appendix D.
Two boundary conditions are needed to solve equations (6-81)

through (6-85). These conditions are

T
0 = — (T.-T,) T st
1,0 Tof C f cf
(6-86)
.0 ° Te - T¢ T2 Tef

where Tf freezing temperature of water

—
"

cryogen's temperature

Tef time for the total collapse of the vapor film
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and

=T - T

)
T,N water0 f

(6-87)

The boundary condition for the surface of the ice given by Eq. (6-86)
is based on the results of the previous section in which convolution
integrals were used to back calculate surface temperatures. At that
time, it was shown that a reasonable approximation for the time vari-
ation of the surface temperature is a linear decrease over a time Tef?
after which nucleate boiling is fully established.

Predictions made by the Variable Grid Size Heat Transfer Model
(VGSHTM) for methane spilled on water are compared to experimental data
in Figures 6-20 and 6-21. Ten grid points (m = 5, N = 10) and a time
increment of At = 0.005 s were used in the model for this and all other
tests. The short time interval is required to maintain a stable solution
to the equations. A value of 45 s was used for Tef - The agreement
between the predicted mass evaporated and the experimental results is
excellent up to 50 seconds. After that time the predicted values are
lower than the experimental ones; at 100 seconds they are 8% lower than
experimental results. The reason for these low predicted values can
be seen in Figure 6-21; the predicted boiling rates are in reasonable
agreement with experimental ones, except for the peak values around
40 s. The predicted values fall 10-15% short of the experimental
ones. An improvement in boiling rates can be obtained by doubling the
number of grid points to 20. This, however, represents a simultaneous

decrease in the time interval to At = 0.001 s to maintain a stable
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Figure 6-20 Boiling of Methane on Water.
Variable Grid Size Heat Transfer
Model and Experimental Data (ch = 45 s)
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Figure 6-21 Evaporation Rates of Methane Boiling on Water.
Variable Grid Size Heat Transfer Model and

Experimental Data (ch = 45 s)
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solution. This is a costly improvement since the required computer
time increases tenfold from 1.5 hr for N = 10 to 15 hr for N=20 (using
a NOVA-840 computer).

Predictions for the evaporation of ethane on water are also
compared with experimental data in Figures 6-22 and 6-23. Predictions
for mass evaporated are in close agreement up to 15 seconds; thereafter
the prediction underestimates the mass evaporated. At 50 s the pre-
dictions are 20% lower than experimental values and at 100 s they are
6% lower. The agreement between boiling rates predicted by the VGSHTM

model and experimental ones is good, as can be seen in Figure 6-23.

Combined VGS/VLE HTM Model for LNG Mixtures

The evaporation of LNG mixtures presents a new condition as far as
the heat transfer model is concerned: variation in the temperature of
the cryogen due to the preferential evaporation of volatiles. One way
to determine this variation in the saturation temperature of the
residual LNG is to use the VLE model described in Chapter IV.

The scheme for the use of the combined Variable Grid Size/Vapor
Liquid Equilibria Heat Transfer Model (VGS/VLE HTM) is shown in Figure
6-24. The VGS HTM uses the initial conditions to determine the heat
flux and the consequent evaporation of cryogen. The mass evaporated
is then fed into the VLE model; through a mass balance, the composition
and temperature of the residual liquid are determined (see Chapter 1IV).
If the time for the total collapse of the vapor film has been exceeded,
the saturation temperature becomes the surface temperature for the

heat transfer model. Otherwise, the appropriate surface temperature
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Figure 6-22 Boiling of Ethane on Water.

Variable Grid Size Heat Transfer
Model and Experimental Data (ch =13 s)
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Figure 6-23 Evaporation Rates of Ethane Boiling on Water.
Variable Grid Size Heat Transfer Model and
Experimental Data (ch =13 s)
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INITIAL CONDITIONS
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Figure 6-24 Variable Grid Size/Vapor Liquid Equilibria
Heat Transfer Model (VGS/VLE HTM)
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is determined by using Eq. (6-86). A very important finding made while
working on the VGS/VLE HTM was that not all the heat transferred from
the ice/water substrate goes toward evaporation of the cryogen. As

the volatiles are exhausted, some heat is used in bringing the cryogen
to the new saturation temperature. This sensible heat becomes extremely
important near that time at which methane is almost completely evapo-
rated. The saturation temperature rises rapidly and most of the heat
flux goes toward warming the cryogen.

As in the case of pure components, ten grid points (N = 10) and
At = 0.005 s were used. The shift between the VGS HTM and the VLE
model was made every 0.2 s. Shifting at every time increment, 0.005 s,
did not change the results significantly but increased computation
times prohibitively. Runs typically taking 2.5 hours with shifts
every 0.2 s, took over 25 hours when shifing every 0.005 s.

The times for the collapse of the vapor film, Tof> Were selected
so as to best fit the experimental data. This variable is the only
adjustable parameter used in the heat transfer mode. The selected
values for methane-ethane mixtures are given in Fiqure 6-25. For

ternary mixtures Tof has been correlated as follows

0.2 0.1
Tef = 45 Xe. - 40 xC2 - 10 xC3

1

(s)

where x's are mole fractions. The following restrictions are made:

Tef 2 0 and it should only be used within the LNG compositional range

(x. € 0.20, x. < 0.10).
C2 C3



-284-

40 —

30

'C( (s)

20 —

10 —

80 85 90 95 100

Mole Percent Methane

Figure 6-25 Times for Collapse of Vapor Film
(ch) for Binary Methane-Ethane

Mixtures



-285-

The results predicted by the VGS/VLE HTM for binary mixtures of
methane and ethane are compared to experimental data in Figures 6-26
through 6-31. The agreement for both mass evaporated and boiling
rates is good.

Predictions by the VGS/VLE HTM for a binary mixture of ethane and
propane are compared in Figure 6-32 and 6-33. Again, the agreement is
satisfactory.

Similarly, predictions for the evaporation of ternary, methane,
ethane and propane, mixtures on water are compared to experimental data
in Figures 6-34 through 6-39. The agreement for both the mass evapo-
rated and boiling rates are seen to be good.

Thus, it can be concluded that the explanations previously given
for the behavior of cryogenic hydrocarbons boiling on water, i.e.,
initial film boiling, preferential evaporation of volatiles and vapor
liquid equilibria are correct and have been proven both qualitatively

and quantitatively.
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Figure 6-26 Boiling of a Methane-Ethane Mixture
on Water (R-1). VGS/VLE HTM Predictions
and Experimental Data (ch = 25 s)
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Figure 6-27 Evaporation Rates of a Methane-Ethane
Mixture on Water (R-1). VGS/VLE HTM
Predictions and Experimental Data
(ch =25 s)
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Figure 6-28 Boiling of a Methane-Ethane Mixture on
Water (R-17). VGS/VLE HTM Predictions
and Experimental Data (rcf = 25 s)
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Figure 6-29 Evaporation Rates of a Methane-Ethane
Mixture on Water (R-17). VGS/VLE HTM
Predictions and Experimental Data
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Figure 6-30 Boiling of a Methane-Ethane Mixture on
Water (R-35). VGS/VLE HTM Predictions
and Experimental Data (ch =11 s)
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Figure 6-32 Boiling of an Ethane-Propane Mixture on
Water (R-30). VGS/VLE HTM Predictions
and Experimental Data (1cf = 5 s)
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Water. VGS/VLE HTM Predictions and
Experimental Data (ch =55s)
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Figure 6-35 Evaporation Rates of an LNG Mixture

(R-15) on Water. VGS/VLE HTM Predictions
and Experimental Data (ch =55s)
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Figure 6-36 Boiling of a Methane-Ethane-Propane
Mixture on Water (R-20). VGS/VLE HTM
Predictions and Experimental Data

(ch =55)
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VII. SECONDARY OBSERVATIONS REGARDING THE
EVAPORATION OF LIGHT HYDROCARBONS ON WATER

Foaming

LNG mixtures have been known to foam while boiling on water
(Burgess, 1970, 1972; Jeje, 1974; Vestal, 1973). In this study all
methane-ethane mixtures as well as all methane-ethane-propane mixtures
were found to foam. The height of the foam as well as the time it
took for the foam to completely recede depended upon the composition
and amount spilled.

At this point, it is worthwhile to clearly define the meaning of
"foam" as it is used in this study. If the vapor bubbles formed at
the substrate surface (water/ice) rise through the boiling liquid
and break up upon reaching the free surface of the liquid, no foam is
formed. If, however, the bubbles agglomerate and take some time
before breaking up at the free surface of the boiling liquid, the

1iquid is said to foam.

\J
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Ultra high purity methane (>99.97%) did not foam in any instance,

whether spilled on water or ice. Similarly, research purity ethane
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(>99.96%) and certified purity ethane (>99%) did not foam on either
water or ice. Likewise, certified purity propane (>99%) did not foam.
Certified purity methane (~0.1% ethane) did foam; although it
was small (v1 cm) and appeared only in the latter part of the test.
These observations were made for boiling both on water and on ice.

A1l binary methane-ethane mixtures foamed during evaporation on
water. The composition of these mixtures ranged from 80.3 to 98.5
mole percent methane and the amounts spilled ranged from 0.69 to 2.06
g/cm2 (see Table 5-4 for more details). Typically, the height of the
foam was greatest immediately after the spill, on the order of 10 cm.
The amount spilled in these tests was roughly the same except for run
R-38 in which twice the amount was spilled (2.06 g/cmz). Extensive
foaming took place, overflowing the boiling vessel. The height of the
container was 10 cm above the water level. Since this was roughly the
height of the foam in the other runs, no further analysis can be made
regarding the influence of amount spilled on the height of the foam.

The time span over which a stable foam was observed exhibited a
definite trend. The time at which foaming ceased was found to be
slightly less than that required to boil a mass equivalient to the
methane initially present in the mixture.

The foam was made up of small, stable bubbles 1-2 mm in diameter.
Larger bubbles, on the order of 1-2 cm, rose quickly through the foam.
The small bubbles were often seen to recirculate, agitated by the
bigger and faster moving bubbles.

Binary mixtures of methane-propane (R-16 and R-25 both containing

0.2% ethane impurities, see Table 5-6) also foamed extensively. Again
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a bimodal bubble distribution was observed. The bubbles,Aboth small
and large ones, were, overall, bigger than those formed by methane-
ethane mixtures. The maximum foam height was about 13-15 cm, and it
decreased with time.

Binary mixtures of ethane-propane did not foam. A Toud crackling
sound was heard while spilling the mixture from the Dewar flask. A
small amount of foam (<0.5 cm) was observed in the Dewar flask while
pouring the mixture.

Ternary mixtures of methane, ethane and propane foamed to a lesser
or greater extent while boiling on water, depending upon their compo-
sition. Since the observations regarding foam were made while studying
the boiling rates and since the foam lasted, typically, 15-25 seconds,
the reported foam heights and bubble sizes are best estimates made by
the observer. Due to these limitations, a definite trend (if any
existed) regarding foam height could not be established for mixtures
containing more than 80% methane. The maximum foam height ranged
between 10 to 15 cm. For mixtures containing less than 80% methane,

a definite trend could be established: if one decreased the methane
content, the foam height decreased. The foam in run R-14 (C] 75.3%,
C

21.9%, C3 2.8%) was only 1 cm high, and in run R-26 (C, 78.9%,

2 1

C, 13.6%, C, 7.5%) it reached about 3 cm in height.

2 3

The time required for the foam to recede completely was recorded
more accurately. As in the case of methane-ethane mixtures, foaming
stepped shortly before the mass evaporated was equivalent to the mass

of methane initially present in the ternary mixture.
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A satisfactory explanation for the formation of the foam is not
available and only conjectures can be postulated.

During the evaporation of methane-ethane, methane-propane or
methane-ethane-propane mixtures, there is a preferential evaporation
of methane. At 110 K, the surface tensions of methane, ethane and
propane are roughly 0.013, 0.027, 0.030 N/m, respectively (extrapo-
lation of data by Gallant, 1968). During the formation of a bubble,
methane is rapidly exhausted at the base of the bubble and the surface
tension increases (enrichment in ethane and/or propane). Due to this
increase in surface tension, the bubbles are pinched off at a smaller
diameter than the bubbles generated with pure methane where no surface
tension gradient exists. Furthermore, the collapse of the vapor film
due to the lowering of the vapor pressure at the base of the bubble
causes an increase in heat flux due to a direct LNG-substrate contact.
The increase in energy transfer results in an increase in the frequency
of bubble generation. In addition, the coalescence of these bubbles
is prevented by the Marangoni effect. Due to the local exhaustion of
methane in the immediate neighborhood of a bubble, the Tiquid film
between two approaching bubbles is depleted in methane, and diffusion
to the common wall is more limited than in the free walls where suffi-
cient methane is available from the bulk. As a consequence, the inter-
facial tension around the common wall increases and creates a surface
tension gradient. This gradient causes the flow of liquid between
the approaching bubbles thereby preventiny them from coalescing.

The net result is the rapid generation of a large number of very

small bubbles. Furthermore, these bubbles, due to their small size,
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are more difficult to rupture and rise more slowly than the larger
bubbles generated with pure methane. During the initial high heat .
fluxes encountered in the boiling of mixtures, the rate of bubble
generation is higher that the rate of bubble rupture and a "foam" is
observed. Once that the heat flux begins to decrease, the foam recedes
and it disappears when the heat fluxes reach very low values. The

time almost coincides with the evaporation of a mass equivalent to the
amount of methane initially present in the mixture. At that point, the
surface of the ice layer has approached the temperature of the cryogen;
when the methane in the residual liquid is almost exhausted, the
temperature of the cryogen begins to increase. So the driving force
for energy transfer decreases. Furthermore, most of the energy trans-
ferred at that time goes into warming up the residual cryogen and not
into bubble generation (evaporation). When boiling resumes, the rate
of bubble generation is low and bubbles rupture faster than they are
formed. Furthermore, in the case of methane-ethane mixtures, only
ethane is left and, for methane-propane mixtures, only propane remains
boiling. Therefore, a surface tension gradient no longer exists. In
the case of methane-ethane-propane mixtures, a residual ethane-propane
mixture is left boiling, but the difference in surface tension between
these components is not so severe as to cause a drastic reduction in
bubble size due to early pinch-off. This also explains why ethane-

propane mixtures did not foam significantly.

Solid Phase (Ice) Composition

Burgess (1972) first suggested the possibility that a hydrate

might be formed after spilling LNG on water. This hypothesis was
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formulated to account for the large amount of energy required to cause
the vapor explosion which occurred in the previous phase of the Bureau
of Mines study (Burgess, 1970). The rapid formation of hydrate which
was thought to be exothermic mighf then have yielded that energy.

The idea was abandoned after finding, experimentally, that the forma-
tion of methane-hydrate at 135 K was eight orders of magnitude slower
than expected. Boyle and Kneebone (1973) also suggested the possibility
of hydrate formation to account for the weight gain by the substrate
after complete evaporation and subsequent weight loss after the melting
of the solid phase. After evaporation stopped, the hydrates would
remain with the rest of the ice. Since the hydrates contain hydrocarbons,
the mass of the substrate would increase. After melting of the ice, the
hydrates would decompose and the hydrocarbons would vaporize.

Direct contact between the two hydrate components (water and
hydrocarbons) is required for the formation of hydrates. Consequently,
the hydrates can form only during the initial hydrocarbon-water contact
and during seepage of hydrocarbon through ice cracks later in the test.
Since the new layers of ice form under the existing ice, the hydrates
would be on the surface of the ice and in some intermediate layers if
formed during cryogen seepage. Due to the non-uniformity in composition,
a sophisticated chemical analysis would be required to actually
identify the hydrates and their location. Nevertheless, a simple
analysis of the ice layer might yield some clues.

Several experiments were carried out in which the solid phase
was removed immediately upon complete evaporation of the cryogen and

placed in a sealed container. After the solid melted, the vapors were
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analyzed for composition. At room temperature the hydrocarbons are
in the vapor phase since they are insoluble in water. The results of
these tests are given in Table 7-1. The presence of hydrocarbons in
the ice does not, by itself, prove that hydrates had formed after
spilling a liquid hydrocarbon on water. It could also be due to a
small amount of hydrocarbon trapped in the ice.

No hydrocarbons were detected in the ice formed by spilling
almost pure methane (99.5%) on water. The ice formed after spilling
C. P. grade ethane (IC-6) had some ethane but it amounted only to 0.1%
of the volume of the container. The ice formed after spilling C. P.
grade propane had some propane but, again, it only amounted to 0.7%
of the container volume in run IC-3 and 0.1% in run IC-4.

Some calculations are needed to analyze these results. The volume
of the sealed container where the ice was allowed to melt was 600 ml.
The mass of ice placed in it was roughly 10-20 g. Thus, 0.1% of the
vapor volume is 0.60 ml. At room temperature this volume represents
2.5 x 10'5 moles. For ethane, 2.5 x 10'5 moles correspond to 7.5 x

-4 3 3

10 cm® of 1iquid ethane (0.588 g/cm’). A liquid

gor 1.37 x 107
droplet of 0.7 mm in radius has that volume and if entrapped in ice
would yield the amount of ethane detected.

A similar analysis for propane will indicate that a droplet 0.8 mm
in radius entrapped in ice will yield 0.1% of the container volume
after evaporation (IC-4). A droplet of liquid propane 1.5 mm in
radius entrapped in ice will yield 0.7% of the container volume (IC-3).

The above argument does not prove by any means that hydrate forma-

tion does not take place. It simply points out the fact that a small
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TABLE 7-1

Analysis of Ice for Presence of Hydrocarbons

*
Composition of

Cryogen* Hydrocarbons
Composition in Ice
67% C] 3% C2
19% 02 86% C3
trace C4 9% n-C4
Commercial Methane 4% C2
93% C] 31% C3
4% C2 31% i-C4
1% C3 34% n-C4
0.5% C4
C3, C. P. Grade 100% C3
C3, C. P. Grade 100% C3
99.5% C1 0% C]
0.5% C2 - 0% C2
C2, C. P. Grade 100% C2

*Mole percent may not add up to 100 due to

round off.

Vapor Volume
Occupied by
Hydrocarbons

9%

12%

0.7%

0.1%

0.0%

0.1%
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entrapped liquid droplet could also explain the results. In fact, a
similar analysis can be made if one assumes that the hydrocarbon vapors
detected are the result of hydrate decomposition. The propane hydrate
has a structure of C3H8-17 HZO' In run IC-3 the propane vapor volume
was 0.7% of 600 ml1, or 4.2 ml, which is equivalent to 1.75 x 10'4 moles.
The amount of water required to form the hydrate is 17 times this

3

value or 3. x 10°° moles, which is equivalent to 54 mg or 0.06 cm3 of

ice. Assuming that 10 g of 0.5 cm thick ice were sealed in the container,
the cross sectional area of this ice would be 22 cm2. Consequently, a
layer 0.06/22 cm or 30 um thick is made up of C3H8-17 H20 hydrate.
The assumption of an area of 22 cm2 gives the maximum hydrate thickness;
in the experiments the boiling was extremely violent and very irregular
ice was formed. The area of contact between propane and water was
probably much higher than 22 cmz.
Based on these facts, it seems that pure hydrocarbons, methane,
ethane and propane, do not form hydrates when spilled on water; and if
they do, the amount produced is so small that it does not have any
pratical relevance.
The amounts of hydrocarbon present in the ice formed after spilling
LNG mixtures are much higher than those found for pure components.
The major constituents being propane and butanes. If the results for
run IC-1 are analyzed in the same fashion as those for pure components,
a liguid droplet 3.4 cm in radius would have to have been entrapped
in ice. More likely, however, the preferential evaporation of methane

and ethane would leave a film rich in propane and butane on the surface

of supercooled ice with little evaporative driving force. Such a
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film would only have to be 77 um thick (ice surface area: 22 cmz).
If hydrates are assumed to have formed, the hydrate layer would be
300 um thick. Heavier hydrocarbons form hydrates more easily and

the conditions for hydrate formation are improved by decreasing the
temperature; thus, one would expect the hydrates to be made up of the
heavier components in the boiling mixture.

Again the above analysis does not present conclusive proof as to
whether hydrates are formed or not. It does, however, point out
another plausible explanation for the presence of residual hydrocarbons
found after melting the ice, that of a thin liquid (subcooled heavier
hydrocarbons) film remaining on the cold ice.

Regardless of whether hydrates are formed or a thin film of heavier
hydrocarbons is left on the cold ice, the small amounts of hydrocarbons
involved render this problem an irrelevant one for confined spills of
LNG on water. In open sea spills the hydrates, if any form, will be
recirculated into the water by wave motions, the hydrate will decompose
and the hydrocarbon vapors mix with the evolving vapors due to boiling
or condense in the residual liquid layer. Again the effect of hydrate
formation would be minimal compared to the effect of the chemical

composition of the cryogen on the boiling of LNG on water.

Water Pick-Up

Boyle and Kneebone (1973) placed emphasis on the so called water
pick-up by boiling LNG. Should the LNG vapor cloud pick up significant
amounts of water, the cloud would become more dense. This increase in

density would slow the dispersion of the cloud by air.
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When pure methane and nitrogen were spilled on water, a net loss
in water weight was observed immediately after evaporation was com-
pleted. With LNG, however, there was a gain in weight which changed
to a weight loss after the ice melted. Either some LNG was entrapped
in the ice and it evaporated as the ice melted, or hydrate formation
took place. Nevertheless, when LNG was spilled on ice, no weight
change was observed.

Boyle and Kneebone also found the water pick-up to increase with
water agitation and with decreasing amount spilled. For a spill of
0.66 g/cmz, the water pick-up was 0.8% of the mass of LNG spilled.
For a spill of 0.10 g/cmz, it was 6.7%. In both cases the water was
agitated, and in all cases the actual water loss was on the order of
1.5 g regardless of spill size. Boyle and Kneebone argue that open
sea spills are more closely resembled by agitated confined spills, and
then take the worst case (6.7% water pick-up) to warn that an amount
of water on the order of 7-8% of the weight of LNG spilled will be
picked up during evaporation. The validity of these estimates will
now be reviewed in light‘of the results obtained in the present work.

In this study the water gained about 1 to 2 g after significant
evaporation had stopped (this point is actually arbitrary since the
boiling rates decrease very slowly after reaching a very low value).
In almost all experiments, the melting of the ice was accelerated
for expediency and during this process the weight of water was altered
so in general no record of the weight of water after the ice melted

could be made. In a few experiments in which the ice was left alone,
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the weight gain changed into a loss ranging from 0-1 g of water.
(The ice had not melted completely.) Thus, the observatfons made by
Boyle and Kneebone regarding the loss of some water are valid.

A few experiments were made with pure methane to measure the
amount of water picked up by the vapors. The amount lost was the same
(v0.25 g) for spills of 0.16, 0.32, and 1.20 g/cm® (area = 64 cn?).
This indicates that the amount of water picked up is proportional to
the contact area between the cryogen and the water and not merely a
percentage of the mass of LNG spilled, as suggested by Boyle and
Kneebone. Once ice forms, the water pick-up stops as was confirmed
by Boyle and Kneebone. The water picked up per unit contact area,
3.9 x ]0'3 g/cmz, can be compared to the value obtained by Boyle and
Kneebone of 3.8 x 1073 g/cm2 (1.01 g and 266 cmz) for methane. The
agreement is excellent.

Using the values for water losses given by Boyle and Kneebone,

4

one would expect 7.5 x 10~ g/cm2 of water to be picked up during spills

of LNG on water, in which the water is not agitated (0.2 g, 266 cmz,

4 2

94% methane). If the water is agitated, 45 x 107 ' g/cm” are expected

to be picked up. If the methane present is decreased to 85%, the ice
will form sooner and the water pick-up will decrease to 26 x 10'4
g/cm2 (agitated water).

Thus it would appear that the water pick-up in an open sea spill
would be expected to be on the order of 25-50 x 10_4 g/cm2 or 25-50 x
10'3 kg/mz. To get a better feeling of what this implies in an open
sea spill, the values for maximum pool radius as a function of spill

size (Otterman, 1975) can be used. For a spill of 10,000 m
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(v5,000 kg) the maximum radius is 270 m or an area of 230,000 m2

and the water pick-up would be of 5,700 kg (25 x 10"3 kg/mz). For
a spill of 100,000 m3 (~50,000 kg), the maximum radius is 670 m or

an area of 1,400,000 m2

and the water pick-up would be 70,000 kg.

These estimates are by far greater than Boyle and Kneebone's.
A scale-up of seven orders of magnitude is being made which leaves
ample room for errors due to scale-up. It can be concluded, then,
that some water is indeed picked up during evaporation of LNG on water.
The above estimates, as well as Boyle and Kneebone's, are too rudi-

mentary; better estimates should be obtained by actually determining

the water content of the vapor cloud during unconfined spills.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

Conclusions
The following conclusions are made regarding the evaporation of

confined spills of liquefied natural gas (LNG) and of its pure components,

methane, ethane, and propane on water.

® Methane film boils on water until the ice layer formed cools suffi-
ciently to promote nucleate boiling. The heat flux and boiling rate
increase with time until nucleate boiling is fully achieved. There-
after, the heat flux and boiling rate decrease.

® Ethane transition boils on water until the ice layer formed cools
sufficiently to promote nucleate boiling. The heat fluxes increase
with time until nucleate boiling is fully achieved; thereafter the
heat fluxes decrease.

® Propane nucleate boils on water upon initial contact. The heat fluxes
monotonically decrease with time.

® | NG mixtures undergo a preferential evaporation of the more volatile
components. This preferential evaporation causes a rise in the
saturation temperature of the residual liquid. The composition of
the vapor and the residual liquid, as well as the saturation temper-
ature, can be determined from vapor-liquid equilibria and mass balance
considerations.

® Initially, LNG mixtures film boil on water. The preferential evapo-
ration of methane causes a drop in the vapor pressure of the liquid
in the immediate neighborhood of the base of the forming bubble.

This vapor pressure drop, in turn, causes the collapse of the vapor
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film; an intimate cryogen-water/ice contact is made resulting in high
heat fluxes. The thin layer depleted in methane is carried by the
wake of the bubble and mixes with the bulk. Fresh liquid flows to

the substrate, thereby regenerating the film. The LNG/water-ice
contact accelerates the formation and subsequent cooling of the ice
layer, thus inhibiting the regeneration of the film. Nucleate boiling
is established, thereafter the heat fluxes decrease.

The higher the heavier hydrocarbons content in the LNG mixture, the
faster the vapor film collapses and nucleate boiling is established.
Once the methane content in the residual liquid drops to 10-20%, the
saturation temperature of the 1iquid begins to rise rapidly. Since
the temperature of the ice surface is approaching the cryogen temper-
ature prior to the rapid change, the driving force for energy transfer
decreases significantly. Furthermore, most of the energy transferred
at this time is utilized in warming the residual liquid to the rising
saturation temperature, thereby further reducing the evaporation
rates.

A linear decrease with time is a good approximation for the variation
of substrate surface temperature with time. This finding results

from the application of convolution integrals to the experimental

heat fluxes.

Based on the above considerations of film collapse, decreasing surface
temperature and increasing saturation temperature, a heat transfer
model, coupled with a vapor-liquid equilibria model, has been developed.
This model predicts successfully and a _priori the evaporation of con-

fined spills of LNG on water.
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® Pure hydrocarbons, methane, ethane and propane, do not foam while
boiling on water.

® Mixtures of methane-ethane, methane-propane, methane-ethane-propane
foam on water.

® Mixtures of ethane-propane do not foam on water.

® In LNG mixtures surface tension gradients at the base of forming
bubbles cause an early pinch-off of the vapor bubbles at smaller
diameters than in pure components. This is due to the localized
exhaustion of methane which has the lTowest surface tension.

® During the high initial heat fluxes, the rapid formation of a large
number of these small bubbles is thought to be responsible for the
formation of foam.

® The water temperature ~1 cm below the original water surface does not
change significantly. This depth is a direct function of the amount
spilled.

® Methane vapors are slightly superheated (~15 K) for spills of 0.5 g/cmz.
The superheats are negligible for spills greater than 1.5 g/cmz.

® Ethane and propane vapors are not superheated.

® The vapors evolved during LNG spills are at the saturation temperature,
determined from vapor-liquid equilibria considerations.

® |arge amounts of water may be atomized and picked-up by the evolving

vapors during spillage of light hydrocarbons and their mixtures on

water.
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Recommendations

The evaporation of confined spills of LNG on water is now suffi-
ciently understood. Future efforts should be concentrated on the

effect of the simultaneous boiling and the spreading of LNG. To this

extent, the following recommendations are made.

® Determine, experimentally, the variation in composition of the residual
cryogen, both with time and location, to evaluate the extent of the

preferential evaporation of volatiles.

® Determine, experimentally, the characteristics and extent of ice

formation, if any.
® Both of the above points will be extremely important in the develop-
ment of a model to predict the evaporative behavior of LNG mixtures

on an open sea.

® The best approach for determining the above characteristics is to

select the composition of a mixture, the amount to be spilled, the
water temperature and the degree of agitation. The spills should
then be repeated, under the specified conditions, until the boiling
and spreading characteristics are determined with an acceptable degree
of certainty. Only at that time should variations be tried. The
problem at hand is a very complex one and should be understood well
for at Teast one case before attempting a giobal understanding.
Bubbling cold nitrogen or cold methane gas through LNG might yield
some clues as to the exact reason for the foam formation. This
approach would prevent any preferential evaporation and the subse-
quent changes in surface tension.

® The water content of the vapor cloud should be measured experimentally.
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Electronic Balance
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Thermocouples

Gas Chromatograph
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Electronic Balance

The load cell used in this work was a METTLER P11 with a METTLER
BE13 control unit and METTLER BA26 digital readout.

This load cell system outputs an electrical signal proportional
to the mass on the balance. This voltage, in turn, is fed into a
NOVA 840 computer.

The measuring principle of the load cell is a force-compensating
one. The block diagram for the balance is shown in Figure A-1. The
beam sensor (3) determines the deflection of the balance beam which
occurs during weighing. The variable-gain amplifier (4) increases the
output signal of the beam sensor (3) and generates a force in the com-
pensation system (2) by way of the range-switch (5). This force produces
the counterrotational torque which returns the balance beam to the
original undisturbed position. A voltage proportional to the compen-
sating force is produced at the range selector switch (5). After being
amplified (6) this signal (9) is fed into the computer. In the 1000
gram measuring range, the built-in weights used (7) are detected
digitally and carried over the range selector switch (5) to the
digital readout unit (8). Performance and design specifications are
given in Table A-1.

It is important to realize fully the capabilities and limitations
of the load cell system. The electrical output originated by the drop
of a 128 g weight, from 5 cm, on the balance is shown in Figure A-2.
Severe oscillations are present in the first few tenths of a second and

a 100% response signal is obtained after 0.6 seconds. The output
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Figure A-1 Block Diagram for the METTLER P11 Electronic Balance
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TABLE A-1

Capacity
Electrical range

Weighing range

Measured response time
- 0 to full scale

- with severe oscillations (0 - 100%)

Electronical digital readout
- 1 digital step

- Accuracy

Electrical compensation range
- Linearity

- Precision

Analog output
- 10 V ungrounded,
internal resistance
- 1 V ungrounded,
internal resistance
- 0.1 V ungrounded,

internal resistance

11000 g
1000 g
-1000/10000 g

<100 ms
0.7 -1.0s

100 mg
+100 mg

+100 mg
+100 mg

-10/+10 V
<5 Q

-1/+1 v
~500

-100/+100 mV
50 Q
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originated by the drop of a 1000 g weight, from 2.5 cm, is given in
Figure A-3. Again, oscillations are present at the beginning and it
takes about 1 second to obtain a 100% response. A more severe case,
the drop of 128 g from 18 c¢cm is shown in Figﬁre A-4. The oscillations
are very severe but the correct 100% response signal is obtained within
1 second.

It can be concluded that data collection at time intervals of less
than 0.5 second could lead to erroneous results, particularly at the
time of the spill when the mass of the cryogen suddenly increases the
mass of the system. An interval for data collection of one second was

therefore considered accurate and convenient.
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Figure A-2 Response Time of the Balance,
128 g Dropped from 5 cm

Og

0.1s

Time

Figure A-3 Response Time of the Balance,
1000 g Dropped from 2.5 cm
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0.1s
Time

Figure A-4 Response Time of the Balance,
128 g Dropped from 18 cm
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Real Time Computer

A NOVA-840, Data General Corporation, computer was used for data
collection. This computer has a 24 K core memory and its central
processing unit (CPU) handles 16 bit words. The memory cycle time is
800 nanoseconds; this is the rate at which instructions are executed
by the CPU.

Data acquisition is controlled by a real time clock (RTC). A
crystal oscillator allows the accurate generation of a sequence of
pulses which are independent of the central processor timing. Available
frequencies are 10, 60, 100, 1000 Hz. A frequency of 10 Hz was selected
for the RTC; this allowed a maximum rate of data collection of one
sample every 0.1 second. The actual sampling rate was one every second.

Two 8-channel wide range analog-input modules (Computer Products,
Inc., Fort Lauderdale) were used for data input to the computer. A
multi-gain analog-input routine allows the selection of the appropriate
input voltage range. The input voltage is then converted to an integer
number proportional to the magnitude of this input voltage. The limits

of the voltage range, +Vma and 'Vmax’ are set to the integers +4096

X
and -4096, respectively. Thus if vmax is 10 mV and the input voltage
is -5 mV, it will be converted into the integer -2048. Thirteen ranges
of input voltage are available; their values are given in Table A-2.
The FORTRAN variable IGAIN is used to select the appropriate value of

vmax'
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TABLE A-2
Input Ranges Available for the
Multi-Range Analog Input Modules

IGAIN Vinax
1 10.24 V
2 5.12 V
3 2.56 V
4 1.28 V
5 640 mV
6 320 mV
7 160 mV
8 80 mV
9 40 mV

10 20 mv
1 10 mV
12 5 myv

13 2.5 mV
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The integer number is then accessible to the computer programs
which control and process the data acquisition. One program reverses
the input procedure; the integer generated is converted into the value

of the input voltage,

. integer
Voltage = 7555 * Vpax

This value of voltage is used in polynomials or other appropriate
expressions that relate voltage to mass or temperatures. These results
are then sent to a line printer and are also stored in a 1.25 megaword
cartridge disk for future data retrieval and analysis.

An input voltage range of +10.24 V was selected for the signal
generated by the load cell. The balance output range was 0-10 V
(0-1000 g). A simple calculation shows that after the voltage has been
converted into an integer, 1 g represents 4 integer units, or alterna-
tively one integer unit represents 0.25 g. Thus the resolution of the
mass data acquisition by the computer is +0.125 g.

Similarly for the temperature measurements a range of +10 mV was
chosen. Consequently, one integer unit represents 0.00244 mV. Assuming
that the emf output of the thermocouples (Type E, Chromel-Constantan)
is about 0.06 mV/K, one integer unit represents 0.04 K. The accuracy

of the temperature data acquisition modules is then +0.02 K.
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Thermocouples

Axial heat conduction through the thermocouple wires can lead to
erroneous temperature readings. In order to minimize this effect and
to insure a fast response time, a minimum length of bare wire must be
exposed to the fluid whose temperature is being measured.

The thermocouples are assumed to be thin rods, which are insulated
at the end since, within the thermocouples, the heat flow can be assumed

to be symmetrical with respect to the junction.

wall ¥ i i Tjunction

dx
[Tf1uid ]

A heat balance around the element dx yields:

2
31%" he=0
where:
6 =T -T¢
C=nd
A = nd%/a
Rewriting:
QE%-- mze =0
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where:

- @)

Using the following boundary conditions:

de) -
3 =0
(dx x=L

and

a solution is obtained,

8 _ coshm(L - x)

ew cosh mL

At the junction (x = L),

%) =___e—v1_—
j cosh mL

The following values were used for physical constants in the calculation

of the bare wire length for the vapor thermocouples:

d = 0.0025 cm
kChrome1 = 0.17 W/cm-K
kConstantan = 0.23 W/cm-K
h = 0.002 W/cme-K

The value of m is

1/2
( 4 x 0.002 >
0.23 x 0.0025

=3.75 em”)
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The thermal conductivity of Constantan was used since it yields the
higher value for thermocouple length.

The maximum acceptable error in thermocouple reading was 0.5 K
SO ej = 0.5. The maximum 6, was 293 K - 112 K (room - cryogen) or

181 K. Therefore,

cosh mlL = ‘—‘% = 360

and mL = 6.6
The required length of exposed wire was 1.78 cm. The length used in
the vapor thermocouples was 2 cm.

The 1iquid thermocouples need to be stronger than the vapor ones
since the growing ice can damage them. Thermocouple wires ranging from
75 to 150 um in diameter, or ribbon thermocouples 25 um in thickness,
were used.

Upon immersion in a liquid nitrogen bath (78 K) the ribbon thermo-
couples (25 um thick ribbon, 2.3 cm long) attained a 100% response
time in 220 ms (Figure A-5). Those made with 150 um thick and 0.2 cm
long leads had a response time of 400 ms (Figure A-6). For the extreme
case of spilling nitrogen in a small 1.3 cm tube in which the thermo-
couple leads were immersed in 308 K water it took 5 seconds for a 100%
response time (Figure A-7). The subsequent rise in temperature is due

;

to the complete evaporation of nitrogen.
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50 ms

Time

Figure A-5 Response Time for a 25 um Thick,
2.3 cm Long Ribbon Thermocouple

) .

Figure A-6 Response Time for 150 um Thick,
0.2 cm Long Lead Thermocouple
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7 8 L ] 1 1
-l-----

T‘nnle

Figure A-7 Response Time of a 150 um Thick,
0.3 cm Long Lead Thermocouple.
Base of Leads in 308 K Water and
Leads in Liquid Nitrogen
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Gas Chromatograph

A Hewlett-Packard 700 was used to analyze the composition of LNG
mixtures. The components were separated by running the mixture through
a 180 cm long stainless steel column packed with Porapak-Q using
helium gas as the carrier. The retention times for the various com-
ponents are given in Table A-3.

After separation in the column, the gases are run through a
thermal conductivity detector which outputs a voltage proportional to
the amount of elute at that time. This output voltage was integrated
by a Varian 477 electronic integrator or an Autolab 6300 integrator.
The equipment settings are given in Table A-4.

A Microcord 44 chart recorder was used to determine the retention
time of the eluting gases.

The mixture samples were removed from the sampling bulb by means

of a 100 or 500 u1 Precision Sampling - Pressure Lok - gas tight syringe.



Retention Times

No
CH,

co,

C2H4

C3Hg
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TABLE A-3

in Chromatographic Analysis

31 (s)
38 (s)
72 (s)
120 (s)
155 (s)
280 (s)
660 (s)
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TABLE A-4
Settings Used in the Chromatographic Analysis

Hewlett Packard 700 Chromatograph

Injection Point 100°C
Column 50°C
Detector 235°C
Detector Current 175 ma
Attenuation 1

Helium Flow 21 cm3/min

Varian 477 Integrator

Peak Width 10 (s)
Slope Sensitivity 7
Digital Baseline Corrector 5

Autolab 6300 Integrator

Slope Sensitivity 16 (s)
Filtering 4 (s)
Noise Adjust 4

Baseline Corrector Normal/Slow
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APPENDIX B
VAPOR-LIQUID EQUILIBRIA

The Soave-Redlich-Kwong Equation

Determination of SRK Interaction Parameters, kij
Logic Diagram: Evaluation of Residual Liquid Composition
Vapor Sampling Time

Computer Programs
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The Soave-Redlich-Kwong Equation

Redlich and Kwong (1949) originally proposed the following equation

of state:

P =iy - V?CTS'S,) (B-1)
Soave (1972) modified this equation by replacing the term a/T0'5 by a
more general term a(T):

p- _RT a(T) (B-2)’

v-b v(v+b)

For a pure component a and b can be found by equating the first and
second derivatives of pressure with respect to temperature at the

critical point:

RZTC 2 RZTC 2
- - x i . i -
i i C. C.
i i
and
R TCi R Tci
b. = 0.08664 ——— = Q, —5— (B-4)
] P b
Ci Ci

For temperatures other than the critical ay is given by
a;, = oy a; | (B-5)

Soave was able to correlate o according to the following expression,

, 2
ag = [1+(0.480 + 1.574 u; - 0.176 w?)(1 - T, 0.5y3 (B-6)
i
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where W5 the acentric factor, is defined as

sat (

w = -log P. at T 1.0 (B-7)

r=0.7) -

The fugacity coefficient of a pure component can now be calculated

from the thermodynamic relationship

p
i =f (g - &) dP (B-8)
0
Since
p=z X8 (B-9)
and
dp = (%\';)T,n dv +(§-§)T,n dz ‘, (B-10)

Equation (B-8) can be rewritten as

0 0

=-—R1.rf(P—B\;[)dv+f(1-%—)dZ (B-11)
[e¢] ]

O|-h

In

Combining Eqs. (B-2) and (B-11) and integrating by parts

i E = o LRT Tn(v-b) = 2 Tn v + & In(v+b) -RT 1n v] + (Z-1) - 1n Z
P =" RT b b . 12)
B-12

Upon evaluation of limits, we obtain

1n§=-1n(";b)-b§T n (1—‘;—2)+(z-1)-1nz (B-13)
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When trying to predict thermodynamic properties of a mixture, one

must use appropriate mixing rules such as:

o
fl

(1= kyy)(aza,) /2 (B-14)

ZZ XX,
ijg i

o
n

z x1.b,i (B-15)

The interaction coefficient, k i accounts for dev1at1ons from the

simple, and commonly used, geometric mean mixing rule:

=23 x.x, 6,1/2 ¢ 1/2 (B-16)
73 i j

Although this latter rule was found satisfactory when applied to low
molecular weight hydrocarbon mixtures, it yielded less acceptable results
with hydrocarbon mixtures in the presence of nitrogen. .

The fugacity coefficient, ¢i, of component 4 in a mixture is given

by the thermodynamic relationship (Modell and Reid, 1974)

'-—l

In ¢, -[ [t - 2 (22 Jdv-1nz (B-17)
v T G TV,
]

Combining Eq. (B-17) with Eq. (B-2) yields (Reid et al., 1977):

In ¢i

b, v s b AP
-E‘(Z'])-]HZ'F]HV—_—B-'*'W —B—-Z? a y_l

X

n !_%%Jz (B-18)

where a is given by Eq. (B-14), b by Ed. (B-15), a; by Eg. (B-5) and
b, by Eq. (B-4).
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i

For computational purposes, thé expression for the fugacity coefficient

can be rewritten as

0.5
b, b. (1-k;.)(a;a.)
= 1 (z-1) - - Aldl_os ijoo i VAT
h1¢1— b (z-1) 1n(ZB)+B [b 2 3 yJ]n i (B-19)
where
PZZX.X.(]-—K.J(aa.ﬂ/z
_aP _ i3 17l LA
A" 22_ 22 (8“20)
RT RT
and
bp P ? xibi
B=ﬁ=————RT (8-21)
The compressibility factor, Z, can be obtained by solving the cubic
equation
2322 +7(A-B-8%) -M=0 (B-22)
which results when A and B are combined with the SRK equation (B-2)
and the thermodynamic relationship
z = RL (B-23)

When more than one real value is obtained, the highest one is used
when applying the equation to the vapor phase. The lowest value is

chosen for the liquid phase.
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Determination of the SRK Interaction .Parameters, k

iJ

The binary interaction parameters, kij’ for the Soave-Redlich-
Kwong equation were selected so as to best fit experimental data
available in literature for the different binaries. The following
tables compare values for pressure and vapor composition predicted
with various values of kij‘ The effect of kij on the accuracy of SRK
predictions for the methane-ethane binary is shown in Table B-1 and

Figure B-1. A value of kC = 0.000 was selected. The data for

-C
172
the methane-propane binary are given in Table B-2 and Figure B-2, for

ethane-propane in Table B-3 and Figure B-3, for nitrogen-methane in
Table B-4, for nitrogen-ethane in Table B-5 and for nitrogen-propane in

Table B-6. The following values were selected: k. o
173

- 0.035 and k
Ny-Co Ny-C3

= 0.010,

C.-C. = 0.000, k = 0.035, k = 0.120.

27C3 No-Cy



Percent Deviation

40
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~0.2 0.0 0.2

Interaction Parameter (kcl__cz)

A. Effect on Vapor Composition
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Interaction Parameter (kCl_CZ)

B. Effect on Pressure

Figure B-1 Effect of the Interaction Parameter on the Accuracy of VLE Predictions

by the SRK Equation.

Methane-Ethane System
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TABLE B-1

Effect of the Interaction Parameter, kij’ on the Accuracy
of VLE Predictions by the SRK Equation. Methane-Ethane System

*

kC -C T, K Average of Absolute % Deviation Number of
172 Ye Ye Points
1 2
0.05 283 1.8 5.6 1.8 2
255 7.0 2.8 3.2 4
228 9.7 6.1 6.2 5
200 17.1 4.0 16.7 4
172 20.8 0.8 13.4 2
144 0.7 0.0 12.4 1
0.02 283 0.5 6.8 2.1 2
255 3.3 2.4 3.2 4
228 4.0 2.0 ~ 3.3 5
200 7.7 2.6 10.9 4
172 7.5 0.5 9.9 2
144 2.2 0.0 11.4 1
0.01 283 1.2 7.2 2.2 2
255 2.4 3.0 3.9 4
228 2.3 1.6 2.4 5
200 4.9 2.1 9.0 4
172 3.5 0.4 8.6 2
144 2.7 0.1 18.2 1
sk
0.00 283 1.9 7.5 2.3 2
255 1.4 3.7 4.6 4
228 1.2 1.9 1.7 5
200 2.3 1.6 7.0 4
172 2.0 0.3 7.2 2
144 3.2 0.1 24.4 1
-0.05 283 5.4 9.5 2.8 2
255 6.8 7.1 8.2 4
228 7.3 6.8 4.3 5
200 10.1 2.2 10.0 4
172 16.9 0.9 15.9 2
144 5.5 0.2 49.5 1

*Experimental data from Price and Kobayashi (1959)

*k
Selected value
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\
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-0.2 0.0 0.2 ~0.2 0.0 0.2
Interaction Parameter (kC]~C3) Interaction Parameter (kCl_C3)
A. Effect on Vapor Composition B. Effect on Pressure

Figure B-2 Effect of the Interaction Parameter on the Accuracy of VLE Predictions
by the SRK Equation. Methane-Propane System
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TABLE B-2

Effect of the Interaction Parameter, kij’ on the Accuracy
*
of VLE Predictions by the SRK Equation. Methane-Propane System

ke _c T, K Average of Absolute % Deviation Number of
173 P Ye Ye Points
1 3

0.020 200 4.9 0.6 23.3 4
172 5.7 0.3 49.7 2
144 1.9 0.1 84.4 1

0.015 200 4.1 0.6 23.2 4
172 2.9 0.3 49.1 2
144 2.4 0.1 85.0 1

*%

0.010 283 5.3 1.6 2.3 8
255 1.3 1.4 6.9 9
228 1.9 1.1 9.5 6
200 3.5 0.6 22.9 4
172 1.2 0.8 48.1 2
144 3.0 0.1 85.6 1

0.005 283 6.1 1.8 2.3 8
255 2.1 1.4 7.1 9
228 2.4 1.0 9.5 6
200 3.6 0.5 22.7 4
172 2.4 0.3 47.9 2
144 3.5 0.1 86.2 1

0.000 283 6.9 2.1 2.5 8
255 3.4 1.4 7.5 9
228 3.1 1.0 9.6 6
200 4.1 0.5 22.4 4
172 4.9 0.3 47.3 2
144 4.0 0.1 86.8 1

*
Experimental data from Price and Kobayashi (1959)

* %
Selected value



Percent Deviation

| I I

T  Xc, X3
— A& 255K 373 627

@® 255K 901 9.9

Percent Deviation

1 |
~0.2 0.0 0.2 ~-0.2 0.0 0.2
Interaction Parameter (kCZ _C3) Interaction Parameter (kCZ_C3)
A. Effect on Vapor Composition B. Effect on Pressure

Figure B-3 Effect of the Interaction Parameter on the Accuracy of SRK
Predictions. Ethane-Propane System
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TABLE B-3

Effect of the Interaction Parameter, kij’ on the Accuracy
*
of VLE Predictions by the SRK Equation. Ethane-Propane System

kij T, K Average of Absolute % Deviation Number of
P Ye Ye Points
2 3
0.010 283 1.1 5.9 4.6 4
255 1.8 3.3 7.5 2
0.005 283 0.8 5.1 4.4 4
255 0.9 3.2 8.6 2
%%
0.000 283 1.0 4.3 4.2 4
255 0.3 3.1 9.7 2
-0.005 283 1.4 3.6 4.2 4
255 1.0 2.9 10.8 2
-0.010 283 1.7 2.9 4.9 4
255 1.6 2.8 11.8 2

*
Experimental data from Price and Kobayashi (1959)

* %k
Selected value



-354-

TABLE B-4

Effect of the Interaction Parameter, kij’ on the Accuracy
*
of VLE Predictions by the SRK Equation. Nitrogen-Methane System

k T, K Average of Absolute % Deviation Number of
N,-C :
2 1 P y y Points

N C

2 1
0.050 114 4.3 1.6 6.1 8
122 3.3 4.3 5.7 10
0.040 114 1.8 1.2 6.6 8
122 1.6 3.0 5.5 10

*k

0.035 114 0.7 1.0 6.9 8
122 0.8 2.4 5.6 10
0.030 114 1.1 0.8 7.3 8
122 0.6 1.7 5.6 10
0.025 114 1.8 0.6 7.6 8
122 1.0 1.1 5.7 10

*Experimental data from Stryjek et al. (1974a)

*%k
Selected value
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TABLE B-5

Effect of the Interaction Parameter, kij’ on the Accuracy
*
of VLE Predictions by the SRK Equation. Nitrogen-Ethane System

KN..-C T, K Average of Absolute % Deviation Number of
2 72 P YN Ye . Points
2 2

0.060 172 19.1 1.3 16.6 10
150 30.3 1.3 37.3 11
139 47.8 1.7 60.6 9

0.050 172 11.3 0.9 13.0 10
150 15.9 0.7 26.7 1
139 25.0 1.4 53.9 9

0.040 172 6.2 1.9 14.2 10
150 10.3 0.4 19.2 1
139 14.8 0.9 41.7 9

*k

0.035 172 6.9 0.7 10.7 10
150 9.9 0.5 20.6 1
139 13.0 0.7 34.6 9

0.030 172 7.4 0.7 11.2 10
150 10.2 0.7 23.0 11
139 12.5 0.3 27.1 9

0.020 172 9.4 0.8 12.6 10
150 14.5 0.9 26.1 11
139 20.9 0.6 32.0 9

*Experimental data from Stryjek et al. (1974b)

*%k
Selected value
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TABLE B-6

Effect of the Interaction Parameter, kij’ on the Accuracy
*
of VLE Preductions by the SRK Equation. Nitrogen-Propane System

Kn.-C T, K Average of Absolute % Deviation Number of
2 3 P YN Ye Points
2 3

0.150 114 396.3 1.5 596.0 6
118 294.3 0.1 682.4 7
122 159.8 0.1 679.7 8

0.130 114 14.1 0.0 98.4 6
118 14.1 0.0 95.3 7
122 1.2 0.1 219.6 8

%k

0.120 114 1.9 0.0 98.6 6
118 1.1 0.0 9.4 7
122 8.4 0.1 94.2 8

0.110 114 11.3 0.0 98.6 6
118 12.2 0.0 96.7 7
122 18.6 0.1 95.1 8

0.100 114 21.3 0.0 98.6 6
118 22.1 0.0 9.8 7
122 27.2 0.1 95.4 8

*Experimental data from Poon and Lu (1974)

**
Selected value
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Logic Diagram: Evaluation of Residual Liquid Composition

The substitution of a differential equation by a difference
equation implies the use of small values in the difference equation
so that the approximation holds.

In Chapter 4, it was found that a value of AL € 0.01 moles should
be used in the evaluation of the residual liquid composition. The
following diagram is a flow chart to insure that 1iquid compositions
are evaluated using AL's of less than 0.01 moles even if the mass
evaporated between computer sampling intervals (1 s) is larger than

0.01 moles.
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Vapor Sampling Time

The following equations can be used to describe the flow rate

through a tube for a given pressure drop (Bird et al., 1960).

f = f(Re, k/D) | (B-24)
and
2
f = (Re /F (B-25)
Re
where
f = friction factor
k/D = relative roughness
Re = Reynolds number
(P, - P, )D (P, - P,)D
Re VT = DvP 0 2L - Do O2 L (B-26)
” 2Lov ¥ Lo

In the present case

D=20.1Tcm

o = .00072 g/cm

u = 0.0106 x 10'2 g/cm-s

L =6 cm
AP = (760 - 1) mm Hg = 1011910 dyne/cm’

/)
/5 = 0.1 x 0.00072 101 x 107 x 0.1
Re vf = \f = 2322
0.0106 x 102 Y2 * 6 0.00072

So if
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Re = 1000 f =5.39
10000 0.054
20000 0.0135
50000 0.0022

The friction factors for tube flow versus the Reynolds number are given
in Figure 6.2-2 (Bird et al.). From this figure Re = 3 x 104 for a
smooth pipe and 2.5 x 104 for a rough one.

The volumetric flow rate is given by
Re Dy - ;— (B-27)
and the sampling time

=V -
t=3 (B-28)

where V=125 cm3

For a smooth pipe Q = 347 cm3/s and t = 0.36 s.
For a rough pipe Q = 289 cm3/s and t = 0.43 s.
Since the pressure in the sampling vessel is continuously increasing,

let's assume an average AP of 300 mm Hg and repeat the calculations.
Re V/f = 1461

From Figure 6.2-2 (Bird, et al.) Re = 1.7 x ]04 for smooth tubes.
Q becomes 197 cm3/s and the required sampling time is 0.6 s. For a
rough tube, Re = 1.6 x 104, Q is 185 cm3/s and the sampling time is

0.7 seconds.



-361-

Computer Programs




N HOY'a 240 YLELNG FR JATME v YALERNCTIA
[ 21277
- 102177 HYAP=SIM(X (L #HVAFR (D) r DISKE FILE

-

T3 46 36 48 36 35 45 35 36 36 3 303 0 33U 30 3 30 3 A 3 630 B 3E 30 36 5B 36 30 T30 3636 30 30 3 46 T 330 A P30 30 4 30 30 A0 IR0 H 0 SE 3 IR R I IS

THIS FROGRAM COMPUHTES THE COMFOSITION OF THE YaFPOR EVOLVED
WHILE BOILING LHNG OM WATEFR

SOAVE-FEDL ICH-FHONG EQUATION OF STATE
COSTRAIMTS: P AND X
UARTARLES. T AMD ¥

i i B o B B I

R Y Ty Y s R R S e e R S S e LSl st
REAL. MUWT(S). K(S), KI5, 3)
REAL MASS, MOLE. MWTL
REAL. MBOFF (500)
INTEGER CODE
IMTEGER TITLE(Z0O), TCHKE
OIMEMZION X050, Y(5), YN(5!}
DIMEMSION FPC(S), TC(S), WG}
DIMENSION RATA(S). RATEB(S), PHIL{S) FHIY{Z)
DIMENSION TB(S), DENS(3)
DIMEMSION IDATE(3)., HV(D)
GIMEMZION MAME (S)
COMMON MCOMP, PC, TO, W TR TR F T
COMMON - BLEMT /MWT
COMMON BLEMU MW
COMMON - BLEDMAOM. DMOLE. T 5
MR="%
R=3 214Z
AREA=147
2?7 CONTINIIE
READ(MR. 103)MW
T HS R BRSSP R SR ARG YA DR G R R F S H R R AR R AR B R R EEHCEF R R AR HFRF R R ARG RF RN RN

5

MR1 alLOWs TO INMPUHT FROM DIFFERENT SOURCE THAM MR.EG TTY

[ B B

LI TP RS EEE T REE- S F 322 I LT EELE LT L LS TEELL L LA E Rt L ks sk S

ja]
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READ(MR, 105)MR1
IF(MRI. ER S)CALL OPEN(S, “SCRATCH. DF 7. 1. IER)
Call. DATECIDATE: IER?
CALL FGTIMOIH, IM. IS)
WRITE(MW, 200)IH: IM, IS, IDATE
READ{MR. 110) AREA
READ(MR, 110YERRY. ERRSY. TREL
READ(MR, 110 DLE
WRITE(MW. ZOS)ERRY. EFRSY, TDEL . LS
B I I I I R I RS A SRR E R RN

i
-
[ ANY TITLE MAY BE PRINTED OUT IN THE OUTFUT PROVIDED THAT
c A T ° I2 PUNCHED IN THE FIRST COLUMN AMD A BLAHK CARD
C FOLLOWS THE LAST TITLE CaARD

C

n

A B2 I I 0 0 B 3000 B B30 030 T3S TE 6 3309 33322 3 R R R
READ(MRE. 115) TCHE
401 READ(MR, 11O TITLE
IF(TITLE(1) NE TCHE) GO T w92
WRITE(MW, 2ZS0) (TITLE(I), I=2, 30)
GO0 TO 401
298 CONTIMIE
INIT=0
CALL INFLUT (MWT. DENS. MR)

j%%#%%**%***************%********%*%****%4*%****%%*****%***%***********#
C

i FRESSURE LINITS ARE N/MZ. HZE FFAC FOR CONYERSION FACTORES.

C TEMPERATURE IM DEGREES KELVIMN LUSE TFAC1 AND TFACZ FOR CONVERS
C K=(X+TFAC1)  TFACZ

- X=F TFAC1=45% & TFACZ=1 3

C X=F TFAC1=4%1. & TFACZ=1. 8

C X=r TRRC1=2732 15 TFaCE=1. C

[

-

HHHFF R SRR S RA B SR FF R G R EH AR R R AR RS T RS DR AP R AR S H B RS SRR FH AR EFF R A AF SRR H R
READMR. 110)PFAC. TFACT, TFACZ
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™0

R e O I I I B A

R 22222 R LR R EEEEELEELEEEELERELEL SRR L L LR R 2 LR R kb R kRl LR Rk

IFH IS NSED AS A GENERAL FLASG WITH THE FOLLOWING CONVEMTION-
=) FRINT DETAILED CAlLCULATIONS OF S-R-K
7 FRINT IMTERMEDIATE ¥ S5 AHD T =
2 FRIMT IMTERMEDIATE X =
10 STORE IM DISE FILE:
TIME: TEMF. X(I). ¢v{I)
ANY OTHEFR MUMRER WILL MOT CALSE ANY aACTION

© 36 36 3 3 45 30 3 36 3 3 3 3 3 38 38 303 3 F 48 3 30 38 30 4 36 3 36 36 W 4E 3 3 5 30 30 3 3050 3 35 36 3E 36 3 3 30 E 30 0 3 3 3 S H I I R IR E
READ (MR. 110) (HY (.1, J=1, NCOMF)
READ (MR, 105) IFHl
IF(IFW NE. 10) G0 TO 230
READ (MR, 120) (NAME( 1), I=1. 5)
Akl OPEN(Z, NAME, 2, IER)

330 CONTINUE
READ(MR, 110)T, (Y{I). I=1, NCOMF)

T=(T+TFAC1)/TFACZ
READ (MR, 110)F
F=F#PFAL
REAL(HR. 110)MASS
READN(MR. 110) (X (1), I=1, NCOMF)
READ(MR. 110) THAX
IL=THAX+0 001
Do 31 I=1, IL
IF(MR1 EG S)READ(MR1, 1S0)MBOFF (1)
IF(MR1 ER S)G0 TO 331
FEAD(MR1. 110) MBOFF (1)

331 COMTINUE
IF(MR1 EQ S)CALL CLOSE(S. IER)
Do 22z I=1.5
MEOFF « T =MBOFF (5) /5. #FLOAT (1)

232 CONTINUE
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DMA=0. O

DMASS=(MBOFF (1)-0 OY+AREA
MWTL=0 O

CODE=Z

TIME=0 O

ITIM=0

o 333 I=1. NCOMF
MWTL=MUTL+MWT(I)#*X (1)
CONTINLIE

MOLE=MAZS MUTL.

WRITE (MW, 200)

ISR H 3 300 36 I 203 2 I S S I B I I A R RN R H B R F R EF RGN

Y]

il
[2x]

C
C IFLG ALLOWS INITIAL IZATION OF VALIIES OF T FOR ITERATIONS
(1 ICT IF T DOES NOT IMPROVE BY MORE THAH O 002 IM 15
C CONSECUTIVE TRIALS. TERMIMATE THAT ITERAIOH
C
D*****************%*&*****#%************%*******%%%*%%ﬁ#%%*%**%*%**%*%*#
1001 CONTINUE )
IFLG=0
1CT=0
IYCT=0
1 CONT INUE

CALL SETUR(AZ.BZ. X.RATA. RATE, IFW)
CALL. CUBIC(AZ, BZ. Z': ZL, IFW)
CALL FUGCF (X, ZL, PHIL.. AZ. BZ, RATA, RATE, IFW)

2 CALL SETURP(AZ. BZ. ¥ . RATA, RATE: IFW)
CALL CUBIC(AZ. BZ. ZIV. ZL., IFW)
CALL FUGCF (v, ZV, FHIV. AZ, BZ. RATA. RATE, IFW)
Do S I=1.NCOMP
KAIY=PHIL(I)/PHIV(I)
5 CONTINLIE

Call. YNEW(X. YH, K. HCOMF. SIIMY . IFW)

oo 1o I=1, NCOMF

IF(ABRS(YN(I)—y (1)) &T ERRY) GO 1o 20
10 CONTINLE

GO TO S0

-G9¢-
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0
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DO 25 I=1, NZOMF

Y{I)=YN(I)

IFCIFW NE 7)Y G2 TO 25
WRITE(MW. 21031, X<(I)Y.- v (1)
CONTIMIE

IVCT=IYCT+1

IFCIYCT GT. 10O HRITE (MW, 2&£0)
IFCIYCT GT 1000560 10 549

GO T 2

CONTINIE

EXCy=1. —SLiMY

IF(ABS(EXCY) LE ERFSY) GO TO 54
IYCT=IVYCT+1

IF(INCT GT 10Q00YWRITE (MW, 240)
IFCIYCT. GT 1000)50 TO 54
IFCIFLG NE O) GO TO 80
EXCYI=EXLCY

EXCYZ=EXCY

Ti=T

T2=T

IFLG=1 .
COMTINUE

IF(IF ME 7YGO TO 200
WRITE(MW, 305 YEXCY, EXCYL . EXCYZ. 1. T1. T2
CONTINUE

TESTI=EXCY#EXCY1
IF(TEST1»S1.21. 85

CONTINUIE

TZ=T

T=(T+T1)/2 )
EXCyz=EXCY

GO TO 39

TESTZ=EXLCYy#EX{ 12
IF(TESTZ)S4, 84 38

CONT IMUE
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T1=T

T={(T1+T2) /2

EXCY1=EXY

GO TO 8%

CONTINIE

TZ2=T1

T1=T

IF(EXCY GT O O)T=11+TDEL
IF(EXCY. LT O O)T=1T1-1DEL
EXCYZ=EXCY1

EXCY1=EXCY

CONT INLUE

ICT=ICT+1

IF(ICT LE. 1S)5G0 TO 53
ABRST1=ABS(T-T1)
ARSTZ=ARS(T-TZ)

IF(ABST1 GE. O Q0Z)G0 T4 52
IF(ARSTZ GE O 002)Y30 TO 52
GO TO 54

CONTINUE

IF(IFW EQ 7HOHURITE (MW, 7000 T
S0 7O 1

CONTINUE

-[9¢€-

)

[y

IFFIYCT. GT 100 ITY=IYIZT /100
IFCIYCT. GT. 1OOUWRITE (MY, 270) 11y
IFCINIT. NE ©O) GO TO 70

H=1 OE&#* (MOl E#ZL #*R#7T) /P - AFEA
HYAF=0

Do A3 Ek=1, NCOMP
HYAF=HVAF+HY (EF) # X (KED

CONT INLE

no 45 I=1, NCOMF
AU=X (1) #100
YH=Y (D) #100

IF(I HE 1) GO Td &0



o
i

i
o

75

HRITE(MW. 42CH TIME. MASS, DMA MOLE. T. I, XW. vy, H

IFC(IFW EQ 1O0YWRITE(Z, 250) TIME. T, HYAF

IFCIFW Bt 1OYURITE(Z, 951 )XW, YU
GO TO A5

WRITE(MW, 415)I. XW. Y

IFCIFW ERY 1OOWRITE(Z. 951 )XW, YW
CONTINLIE

IMIT=1

COMTINIE

IFCCORE ED O) Gu 10 73

CAlL XNEW{MASS. DMASS, MOLE, X, Y. IFW, CODE. HCOMF)

GO TD 1001

CONTINIIE
MASS=MASS-DMASS
TIME=TIME+1
ITIM=ITIM+]

IF(TIME GT THMAX)IGO To 9939
DMA=MBOFF (ITIM)

MMASS=MBOFF (ITIM+1)-MBOFF(ITIM)
OMASS=DMASS*+AREA

INIT=0

IF(MASS LE -2 O) G0 T 2999
IF(DMAsSsS LE -2 0) GO TO 9992
CONE=Z

GO T 1001

READ (MR, 105 )MORE

IFCIFW EQL 10)CALL CLOSE(Z, IER)
IF{MORE. EQ. O) GO TO 997

CALL DATEC(IDATE. IER)

CALL FOTIMOIH. IHM. IS)
HREITE(MW. Z013IH. IM, I3, IDATE
TYPE =~ ##3% RENAME SCRATCH. DF
CALL EXIT

3t H
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105
110
115
120
150
200

201

lale]

o~
et

WM
~ o~ A

,.
I'I
o)

415
420
205
200
210
PSu
P51

FORMAT(SI3)

FORMAT(SF10 3)

FORMAT (AL, 2942)

FORMAT (SAZ)

FORMAT (X, F% 5, 1ZF?F 3)

FORMAT(1H1 . 777 :
11H 10X, "TIME . 2(I2, : ). 12, 10X, "DATE ~, 2(IZ.

FORMAT(IHO 7 727 0
11H 10X, "TIME -, 2(I2, : 7). I2,10X. "DATE . Z2(IZ. 77y, 12:277)

FORMAT(1HO. 10X, CONSTRAINTS: F AND X /71H . 10X. YARIABLES: T AND Y
1./ 71HO, 10X, "CONVERGENCE CRITERIA /1H . 20X, v (MOLE FRACTION) -
Z,E1Z. 471H 20X, 1.0 — SUMY 7, 7X.E12 4-71H . 10X,

4 "COARSE DELTA T LF10 1/71H (10X, MAX DELTA MOLES - F10 3277)

FORMAT (1H , 10X, Z9¥AZ)

FORMAT(1IH . "#7)

FORMAT(1H . I2:  #7)

FORMAT (1HO. 1X. - TIME ., 7X. "RESIDUAL 7, 7X, "BOIL-0OFF . 7X. RESIDUAL ",
24X, "TEMPERATURE ". 2X. "I 11X, "X(I)". 11X, "¥y(I) .4X; HYDROSTATIC
21H . 2X, CSECY, 11X, MASS . 11X, "MASS T, 10X, "MOLAR . 14X. K .51X, "HEAD" /
41H , 19X, "G 7. 8X, "G-CHMZ-57. 11X, "MASS", 48X, "CM~ -

S1HO, S( ="}, 4(5X. =========="), 535X, 5("="), 3(5X, ==========7))

FORMATC(IH . 70X. IS. F15 4, F13 3)

FORMAT(1HO. FS O.F1S Z.F15 2 2F1S 2. 5% IS. F15 4.F15 5. F13 2}

FORMAT(IH . "EYCy. 1.2 . 3F10 55X, "T., 1,2 7. 3F1C 3

FORMAT (1HO. - HEW TEMFERATURE . F10. 32}

FORMAT(1HO, IS, X= F1d 5,5, "v= ", F1Q )

FORMAT(F10 O.F10 2. F10 2)

FORMAT(2F10. 5)

END

4

TR TS

t
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105
110
205

[ \N]
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(NI I N
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SRR R

NOVR 240 FXZ FE AnIME A YALERMCTA

SHBROUTINME INFUT(MWT. DERS. MR

REAL MUWT(3), KI5, 5)

DIMENSION PO(S), TE(S) MOS TR(SY, X(D) . 7 (5)

DIMENSION IDATE(3) ., MAME(S, S, DENS(3)

COMMON NCOMP. P2, TO. W, TR T, PLOFTL

COMMON / BLEMW “MUW

WRITE (MW, 205)

READN{ MR, 100 ) MCOMF

0O 10 I=1. NCOMF

FEAD(HMR., 105) (NAME(I, 1) .. I=1. 3)

FEAD(MR, 110X TC(DY PO WO TROLD)  MWT () s DENZ (I

FEAD(HMR, 110) (KI.A(T, .0}, 0=1. NCOMP?

URITE(MW, Z10) (NAMEC(L. . 1Y, =1, S, TCID) , PCCL WOT Y}, TROL ), MWT (D)
1. DENS(I)

CORTINLE

HURITE (MW, Z220)

oo 20 I=1. NCOMP

DO 20 =1, NCOMP
WRITE(MW, Z25) 1, L HKINCI. D
CONT INUE

WRITE (MW, 230)

FORMATA(IZ)

FORMAT (5AZ)
FORMGT(Z7F10. 3}
FORMAT(IHO <7 1H . 11X, "COMPONENT - 77X, CRITICAL . 7X, CRITICAL-

1. 7%, "ACENTRIC: ., 8X, BOILING . &X. MOLECULAR , X, LIGUIID- -

Z1H . Z4X. TEMFERATURE . 7X. PRESSURE . %X, FACTOR-, 10X, - POINT * ¥X,
I WEIGHT ,» 8X, "DEMSITY "~

21IH 324X, KT, 11X CMA/MZ 29X B 28X G/CHM3 )

FORMAT (1HO, 10X, SAZ, 5X, F10. 2. 5X. F10 0. 5X, F10. 4, 53X, F10 2
1. 2(3X,F10 3))

FORMAT (1HO. 7/ 1HO. 10X, - INTERAC TION FARAMETERS, E{I, .17 7)
FORMAT(IH . 10X, "¢, I1, , . I1. " .F8 4}
FORMATCIHY . - v s n iy

RETLIRN

END
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C NOVa 240 FX2 FR JATME A YALENCIA
SHERQUITINE SETUR{A, B, X: RATA. RATE. IFW}
REAL M(3), KL 3)
DIMENSION FC(S). TC(S), W), TRB{S), X(3)
DIMENSION RATA(S). RATE(S)
DIMEMSION TR(3). ALFHA(S)
COMMON NCOMP, PC, TG W TE. T PR T
COMMON < BLEMW / MW
O S IR E R H S I A F R0 I I I RIS HREHH RS

=

N FARAMETERS IN 5-~-R-W EQIATION

C
IR ETTEEE ST LT EEEREEEEEEEE ST SRS SRR LRl e sl
OMEGA=0 42747
OMEGB=0. 024464
SMI=0
SILMZ=0
00 20 I=1, NCOMFP
TRECI)=T/TC(I)
M{I)=0 420+1 S74#W(I)-0 17&#WIT) ##2
ALFHA(I)=(1 +M(I)#(1 —-TR(I)#%#0O S))##s
20 COMTIMIE
00 2Z I=1. NCOMP
SHMZ=SIMZ+X (I #TC(D) APC(T)
Do 2z =1, NCOMF
SUHMLI=SUMI+X (I #X (D # (1l —ELICL, D) *0OMEGA# (T Iy ##2%al PHACT ) ¢
IFC(IYV#TCO D #x2#al FHAO D /PG H ) ##0 S
22 COMTINUIE

-LLE-
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w0

30
200
210

FARAMETERE IN CUBIC 7 EQUATION

A=F#SLIML  TaaZ

B=0MEGR#F . T#SUHZ

IF{IFLL. NE &) GO TO 25

WRITE(MW, 200)A4. E

CONMTIMIE

oo 20 Is=1, NCIOMP

SEHM3=0.

Do z2e =1, NCOMF

SUMA=SIM3+ (1. KL ) ) #X D #OMEGA#(TC (D) ##2#al FHA D) /FOCT)
1#TC D ##Z#AlLFHAGD - FOO ) Y #2035
CONTINUE

RATA(T ) =S1M2 SHMY
RATEB(I)=TC(I) »r (PC I #SLIME)
IFCIFW NE &) GO TO 30
WRITE(MW, 2Z10RATACTL ). RATB(I)

CONTINLE

FORMAT(1HO, - SETUF A B CZE1S &)
FORMAT (1HO. "RATA.PATE - 2Z2E15 &)
RETLIRN

EMD

-eLE-
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OS5 01 o9

£€Z="1Z {1z 11 &Z)4dl
ZZ=1Z «Z 11 °2Z)r4l
1Z="111Z

Ci=nz (nZ 19 '2Z)Ydl

ZI=nZ (nZ 19 ZZ)41

1Z=NAZ

/g 2. 1d% b+ 2o IHASOIRZZI=E7
ErH-( £ 148 T+ IHAS0OIRZII=ZZ
2.8-¢C €/ IHDSOINZZI=TZ

ZZz==ZZ{(0 O 19 941

S O E/d=-)8 =717

INNI LNOD

IHA(OFZ ‘M) LT HM

£ 01 09 (9 3IN M41) 41

(S Ox# ((Spds b—) - Te#ds L7))SO0dY=1IHA
O 0T 0T (d)Y 4l

T LN

40 408 ‘MW ILTHEM

T 0f 09 (9 3N Md4I) 41

TH#E{ Z:0)+Eun( £./d)=M

(C#ads Z4Iadx &-0#% L)% L2707 1=0
(Z#2Jd-0% )% &/ I=d

NI ANOD

O 2'9(ZZZ ‘MW 31 IMM

S Ol 09 (3 3N M41) 4]

Zd#7Y-=0
Z##79-78-74=0
-=4

Ya5IbT E=1d
kL A 1T NOWIWOD
MOTLYO3 £ 314D 00 NOILO oS
(MAT 12 ‘A2 29 "Z29)31dnd 3NT LNodgns
HIMW3 e, U JWIYE 44 +xd OF8 UAIN

071



I7=2 #(-0/Z YunI-E3
FAR

o0 10 50

COMTINLIE

IFCIFW NE &) G0 T 35
HRITE (MW, 200)
COMTIMUE
RAA=—C1 2 +R##0 5
BEBE=—-0+2Z -R##0 5
IF(ARAYEL, 42, 42
RA=—(—~NAR) ## (] ]
G0 10 45
RA=AARA##F (L. 732 )
CONTIMIE
IF(BEB)44. 47, 47
BR=-(-EBEB)## (1
GO TO 4%
BE=RBEBE## (1. 73 )
CONTINUE
Z1=AA+BE-B/3
2U=71

ZIL=71

IF(IFW MNE &) RETLRH

HRITE(MW, 220371

RETLRNM

CONTINIHE

IF(IFY NE 4A)YRETLIRN

WRITE(MW, 220)Z21,22, 22

FETLIRN

FORMAT(IHO, - ###POSITIVE VALIIE OF R ##4#
FORMAT(IHO, ~ 21,22, Z3 . 2E1S %)
FORMAT(IHO. "ZUBIC B.C.D . 2E15 ™
FORMATC(LHO, " P. 3. R CIELS A0
FORMATC(1HO, "PHI . E1S &)

EHMD

at
o

o
-

)
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bl

MY 240 FXS FFR ARTHE A
FHNCTION ARCOS(X)
Y=SRRT(] —X#X) - X
ARCIIZS=ATAN(Y)
RETILIRM
END

HOYVE 340 Fi& FR JdATHME A

2977

VYAl EMC IR

YaLEMCIA

SUERQITINE FLIGCFOX, Z. PHI. A. B. FATA, RATE, IFW)

REAL FI.1(5.5)
DIMENSION FCOS)Y. TCOS), W(S), TRIS), X(S)
DIMEMSION PHI(S). RATA(S) . RATE(S)
COMMON HCOMP. PO TC W TR 1, P EL
COMMON - BLEMR - MU

D z0 I=1 NCOMFP

FHI(D)=RATB(I}#(ZI-1)-Al OG(Z-B)~ (A B)%#(Z #RATA I)-R&TEB(I})

1#AL DG (1+R/7)
FHICI'=E¥XF(PHI{I))
IFCIFH NE &) G0 TO 20
WRITE(MUW. 100X (1Y, FHI(I)
CONTIMLUE
RETHERHM
FORMAT (1HO. - FHIGCOF . ZE1S &)
END

-GLE-



10

14

15
200

MOva 240 FX7 FR JARIME A YALEMCIA
SHIBROUTIMNE vHEWOX, ¥, F. HCOMF. SHMy . TFED
REAL L (5}

DIMEMZION X(5), vy (5)

COMMar - BE E MU W

SUM =0

no 10 I=1. NCOMF
Y(IM)=Kil)#X(I)}
SiM=SlMy+ ¢ (1)

CORT IMUIE

o115 I=1. NCOMF

IFCIFH HE 7)Y GO 10 14
HBRITE(W, ZO0)Xy (L) K (I), SLIMY

CONTINIE

Y(I)=y(I) Sy

CONTIMNIE

FORMAT(1HO, ¥ . E1S 4, 5X, K .E1S & SUMyY .EL15 4)
RETLIRN

EMD

-9.¢-
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[ MOV E40 FX& FR ARTIME A YAl ENCTA

v SR R

V40 3636 36 30 F 20 3 3636 38 38 35 3 36 4 3030 30 36 30 3 3640 36 36 1 36 36 45 30 30 30 3 2 36 15 30 3 1030 3 3 36 45 36 6 36 46 36 30 3 3 16 3 3 0 06 W 3
0

U THIS SHBROTTINE COMRUTES THE MEW YAl LIES OF X(I)

I SUCH THAT THE DIFFERENCE AFFROXIMATION HOLDS

™

7036 3 46 30 36 4F 36 25 26 38 36 35 36 38 3 38 36 35 36 36 3 36 35 30 38 36 34 48 3 35 4 38 3 3 46 34 3 30 36 51 36 48 30 3E 36 38 36 3 36 35 36 38 30 3 3 3
SUBROUTINE XNEW(MASS, DMASS, MOLE. X, v, IFW, CODE, MCOMF )
INTEGER TODE
REAL. MASS. MOLE, MWT (5), MUTY
DIMENSION X(S), v (5)
COMMOM 2 BLEMT - MWT
COMMON /B MW MW
COMMON S BE EDM DM, DMOLE, DS
IFCIFW EQL 2)WRITE (MW, 210)C00DE
MW TV =0 O
DOO10O IT=1, NEDMP
MWUTY=MTV+MUT (L) %y (DD

10 CONTIMLIE
IF(CUDE NE 1) G0 0 S50
DM=0M-DMOL E#MW Y
IFCIFW. EQ 2)XWRITE (MR, 200)0M
MO E=DM /MW TY ‘
IF(DMOLE. GT DS 50 Ta 80
CODE=0
GO TO PO

50 DMOLE=DMASS /MWTY

IF(DMOLE. GT. DLS) GO O &0

CODE=0
GO TO 20
&0 CODE=1

OM=DMASS
20 DMOL E=D] 5
F0 CONTIMNVIE
CALE DELD TadX, Y, MOLE, DMOL E, TFW, MZOME )
MO E=Mil E-DMOIL E
IFC(IFW Eft SYWRTIECHW,. Z20)20DE
RE FHRR
200 FORMATCIHO, 3 XKNEW . DM= -, F10. %)
210 FORMAT(IH 10X, CODRE IN -, I3)
20 FORMATC(IH 10X, “CODE Qulr 7, I3)
END



100
110

MOt 240 FX? FR JARIME A

SUBROLITINE DELTACX. ¥, MOLE, DMOL E. TFW, NCOMP )

REAL MOLE

DIMENSION X(3), ¥ (3

COMMON - Bl MW 7MW

IFCIFW EC 2) WRITE(MW. 100)MOI E, DMOLE
DO SO I=1. MCOMP
XCD)=X(I) = (v (I)=XCI) }#DMOLE MOLE
IF(XeI» 1T 1 E-1O)X(I)=0 0

IF(X(I) GT 1. O)YX(I)=1 O

IFCIFW ER 8) WRITE(MW, 110)X(I). ¥ (I
CONTINE

RETURHM
FORMAT (1HO. “ % DELTA # . MOLES . F10 3,
FORMAT(IH . 10X. HNEW X . F10O 5. Y

EMD

DMOLE
LF10.5)

YALENCIA

W F1o. 32

-8[8_



-379-

APPENDIX C

COMPUTATION OF BOILING RATES

Procedure

Computer Programs
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Procedure

Experimental data indicated the residual liquid mass as a function
of time as boiling occurred. To allow a calculation of the rate of
boiling, the mass boiled was correlated with time using a simple poly-
nomial; i.e., the correlation of the mass boiled at any time t involved
fitting a polynomial through 2n+1 points, n immediately before t, n
immediately after t, and the mass boiled off at time t itself. The
boiling rate could then be determined by evaluating the derivative of
the polynomial at time t. For thé first n points (0, 1, 2, ... n
seconds), a polynomial was fitted through the first 2n+1 points; the
derivatives evaluated at 0, 1, 2, ... n seconds were the respective
boiling rates. Because the mass boiled off is not clearly defined in
the first few seconds (it took a second or two to spill the cryogen),
the error for these points is larger than the average error.

As an indication of the degree of error of the fit, both the root
mean square derivation as well as the maxfmum absolute percent error
were calculated. Furthermore, the boiling rates were integrated using
one of the Newton-Cotes formulas for integration, the well known
Simpson's 1/3 rule.

For each point, a selection between a polynomial of first or
second order was made based on the RMS error. After the first few
seconds, the maximum absolute deviation in the polynomial fits were
less than 1%. Upon integration of the boiling rates, the resulting

mass boiled off was typically within 1 or 2% of the experimental values.
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The value of n used to determine the 2n+1 points for each poly-
nomial was 4. However, when the boiling rates exhibited sharp peaks

a value of n=2 was used.
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Computer Programs
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1000

Hova 2440 BRATEN FR ARpIME A YalEHCIA

— .
R

1020777 STORE DF % FO0 FOIMTES
FORMERL v aAMal % FR

FL.IR BRATE SLOFE SETUR INTEG MATRIX
#Al L OWS FOR SEVYERAL FOL yMOMIAL FITS

ST T2 L]

MAXIMHM NUMBER OF FOINTS 10 BE VREATED (IX-%F)

3 E SR
REAIL MASSE
COMMOM BLEL, MASS(300)
COMMON - RLEZ S RATE(SO0O0)
COMMOM . BLEZ-FIT(S500)
COMMON - BL K4 % 05000
COMMON:-BL E7 7 ZIHT (500)
DIMENMSION MAME(S). TDRTECZ)
TYFE REDICED DATS FILE
READCIT 1000) (MAaME Ly, I=1.5)
FORMAT (503
CALl OFEMOZ MaME. 1. TEFR)
SINT= DHiMMy FOR TSH
FEAD BINARY (2) MaSsS, SINT
REaD BIMAR (2 IX aREA HF . IMITER

Catt ClosEdZ TER)

Call OFERKS. STORE DF L 2. TERD

Call OPENMCE. 2xXx OF 2. TER)

[+FE 'FOQINTS RECORDED IX

RCCEFT CTIME INTERVYAL IH SEC DELTA
ACCEFRT MUMBER OF POINTS 4

ACTER]T  MaASS SFUTED . HMSFIL

ACKERT  £Mai. rMAX-MaIs— . (HMX. vMX

ACTEFT tMAL, rMas—-RAaTE~ . AMAX. MAx
HZTEFT M, cMEax-R A= AMXE. MY

ACCERT HY'sF THY  — o=C0RsTaNT . HVAR, THY

/
!
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WRITE«12. 1ZO)Y(HNAHE(T ). I=1,5)
120 FORMAQT(IHY 7 v v 70000022
11H 20X, REDHCTION OF DAlA FILE ;
Chall DATECIDATE. [ERD
CALL FGSTIMOIH, IM TS)
WRITE(12Z, 130)IH. IM. IS. IDATE
130 FORMAT(IHO, 7 7 1HO, 20X, "TIME , 2(1Z, Y, 12, 10X, DATE .
12¢12, ), 12)
ACCEFT "TYFE 1 TO CORRECT SFECIFICATIONS . MCORR
IF(MCORRE. MNE 1) GO TO 5
TYFE 1-IX(NPOINTZ) + Z-AREA < Z-HYaF - 4-CF 7 S-TSAT -
TYFE A-BRMAX + 7-HFMaX s S—-BMMAX -+ ?-MASS - 10-TSH
TYFPE TYFE 11 WHEN CORRECTIONS ARE FIMISHED
700 ACCEFRT "YARIABI E MIMBEE ., HMHY
ACCEFRT “NEW VALLIE . Y4l
GO TO (701, 702, 702. 704, 705, 7046, 707, 708, 702, 710G, 720 NNY
701 IX=Al.
GO TO 700
702 AREA=VAL
50 TO 700
703 HYaFR=tAl
GO0 TO 700
704 CR=YAl
GO 7O 700
705 T3AT=Val
o 10 7200
704 BRMAX=YAL
G O 700
707 HFMAaX="al
GO TO 700
703 EMMAX=\ Al
GO TO 700
709 ACCERT  MASS ARRAY LOCATION . IMA
MASS(IMA)=YAL
GO TO 700
710 ACCEFT  T3H ARRAY LOCATION . IMA
TSH =Yal
GO jg 700
720 CONTINIE
3 CONTIMIE

A

N
[N

-¥8¢-



170

245
V0
S00

200

0~
b X ]
]

WRITE(1Z, 170AREA

FORMGT (1HO - -7/ THD. 20X, AREAR . JFS 2 CHz )
ACCEFT T+FE 1 TO PRIMY POLYMNOM FIT @MD IHTG OF RATES . TWH
ACCEFT  FCH O-RMOITHING 1-RATES , IFCH
DO 50 I=1. 5060 .

X1 =Fl QAT (I =*DEI TA

COMT INHE

IX=IX+5

CAll RATEZ(IX)

CALl. aFEM(S. STORE DF . 2. IER)

IF(IWW EG 13 Call IHTES(IX. DELTA MASS.(1) )
WRITE(1Z. 4C0)

IX=1%x-5

X¥X=0

THMR=0

RRE=MA<SZ(1)

WRITE(12.450)XX. TMB. IME. FR

oo 500 I=1. IX

THME=MASS (I Y*AREA

IFC(MEFLL-THE) GT. 15 O)MAX=I

WRITE(1Z. 45X (I) ITMB. MASS(I). RATEC(D)
FORMAT(IH . 20X. FS O.F15 1, ZF13 5
IFC(IFCH ER 1YHRITE(S, B45)FRR

IF(IFCH HE 1) GO TO 290

WRITE(2: 245)RATE(I)

FORMAT(F1Z 5)

CONTINIIE

COMTIMUE

CAlL RUFLT(O , XMX. O . MY X MASS. 1. MAX)
CALL RWPLTI(D . XHMAX. O . YMAX. X. RATE. 1. MAX)
oo 28 =1, MAX

IF(IHY NME OYREAD(11, ZOO)YHVAF
FORMAT(SF10 2

FIT oMy ARRAY FOR v A
FITCD=RATE(GD#*HVAP#*10

WRITE(L. 79)FITCD

FORMAT(F10 2)

CONTINUIE
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call CLOSEX4. IER)

TYPE = ### RENAME QXXX DF ###

Cabl, RUPLT(O . XMXe. O . rMXe, X, FIL 1. MAaXx)

IFCIWW ME 1¥CALL EXIN

WRITE(1z. 200}

TMR=0

MRITEC(1Z, &20) XX, THE. RE

Mi=0

no 475 I=1.IX

IF(I EQ 1) GO TO &55

IF(I EQ MH) G0 TO 455

IF(MASS(IY EQ O O)G0 T3 A48
PCTIN=(SINT{I)-MASS{TI )} -MASS{I)#100

G0 T 449

PCTIN=0O O

CONTIHHE

READ BINARY (SIFCT. RMS. NORD
NRITE(IE-&SD)X(Ik.HQSS(I),SIHT(I),PCTIN;RATE(I}.PET,RHS
1. NORD

FORMAT(IH . 5X.FS 0. Z(SX. F10 2. 5X. F10 2. 9X.F1C 5 85X.F10 &
1.5X. F1¢ & 5%, I5)

GO TO A7S

WRITE(1Z. 460 X(I) . MASS(I), RATE(D) . FCOT. RMS, NORD

FORMAT(1IH . SX. FS 0. 5X. F10 3. 35X.F10 S, 5X. F10 2
1.5X.F10 4£.5X.1I5)

MN=MN+Z

CONTIRNIIE

Call CLOsES. IER)

EORMAT (1HL - - 1HO. 31x%x. TIME . 11X. MASS , 111 MASS . 23X, BOTIL ITHG
f1H . 32X, SEC . SX.. BOILED-OFF -, SX. BOILED-OFF . 11X RATE -

114 . 49%, G . 10X, G CHMZ 8X. GAOMZ-%57-
FIH L RO SEo= )0 BEX 100 = )Y )

FORMAT (1HL - - A 1HO. &X.  TIME ,11%, MaSS . 10X. - IMTEG- - 82X, "% ERROR
1.8%. ROILIMG .2X. MAX ABRS , 2X. RMS DE' . 5X. "ORDER "~
21H . 7%. "SEC , SX. EBOILED-OFF . 2X. "0OF RATE 10x, INTERG 131X
2, RATE 8%, % ERROP . 7X, FOLy FIT . ZX. FOLy FIT -
A1H . 20X, G.CHMZ o, 10X, GeCMZo 23X, G-CMZ-T5 . 7X. POLY FIT <)
FORMAT(IH . SX. F5 O.F1% 3. 20X . F13 3)

catt EXIT

ENI
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4 0

10

P ' 540 SLUFEN FE JARIME & VRl EMC IR

1020 7 SI0RE TIF

BRATE SY CFURMERL « AMal 1 SUY) HSES HF PUTHIS 10 FLIT & FOL o 0OF
FIRST OF SECOHD DEGREE. HHIVHEY'ER FITS BEST  IT TnbES
IHE SLOFE &l ITHE (MF-2+1) FOINT aNHD THDS BECOMES THE RATE
OF BOINTHG AT THIS (HP-2Z+1 FOINT

SHEROUTIME RATESZ(IX)

COAMOR - BLE T - F 0 S00)

CERE B RS BATE (S00)

COFMORHCBEEZ FL0S00)

COEAORN - BLE S - % C500)0

DIMEMS IO A 10) . BB 1O

DIMEMSION FCIOIO RATTIO10)

ODIMEMSION PCTIC1) BHS1C1)Y, HORDCOT)

ACCERFT M POIMTS FER FIT MNP

oy 25 LEAD=1. IX

| EADM=I EANHNF-1

HZ=HMF ‘2

I=l EAD+Y

FH=1

Call SETHRON. ah- | EnD, HF HZ)

I =0

SHE0=0

o 10 IE=LERD. LEADN

I =1 +1

FIT{IE)=rat 1) +a8a7 So#atTED

IFiFCIREY EQ o OG0 10 =

FOTO )=(FOIFY-FITOIF sy Fe Db #1100

GO0 ¥

FCLOL y=0

COM T IRNE

F O r=aBSFCT O 2

SHMEO=SMEO+(F i IE:=F I 1 (TR Y s nz

Falld i=anil)

CORT ITHMHE

FHS1T o1 v=i SHE0 - SHF -1 v r280 5

Fiottedo=nMat oot 0y FET 2 PO FOT O3 PUTIS: Fulead:

HORTIOY =1

H=2

Toadbn SEVWF N BB BEwD HPL M

[T

-(8¢-

iy

IR
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twe o [E=1 Eabr D Evoiid
I+
FLECIE y=BROIYHEE )% CTE DYHRECI w0 X0 Jh oy v I
TFOF IR Y FO O odbatr T 13
Fiolob y=dFi ) =F I TEY)) FATEDY#T0O0
(T I T I
=) B Y0 O
1= ¢ TRIBLE
FObolb y=paBRS R Fa
SRPER=SHSO R R CTFED) -FTHOTE Y h#3es
Y COMTTHIE
RIS F= CSHS (M -1 o ) %
Frodlcepitaax VOPUHCT PO TCZ) PRI G2 R Loy T iSy R T es )
IFCRMo e b BRI O ) s (10 50
LAER =% B B o & L
Fior ot y=ke e
MORLCT ) =2
| =0
ey 25 bE = BEADLTE O/
-1 +1
el Vb y=RBROS +F BRI e (FR)
25 CORT THNIE
S0 TEHOLEaD GE ) Ene 1) S0
0 A0 bk=0 N
RATEEE+1 =Rl 1ot F+1)
0 ORI IE
GV w0
T FRIECT)Y=FaT 1z 1)
<) URITE BIMNAEYy (SR 1101 RMET (1Y MORINCE )
s COMEINVE
Cal b v DesE (S
FE IR
ER
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NVA 240 SETIHPN. FR JAIME A VYALENCIA
1718777
SHBRONTIMNE SETUF (M, CCLEAL. NP, N2)
COMMON /B E'LCF  S00)
COMMON BLE 4/ X CS00)
COMMON/BI ES BOIO,11)
DIMENSIORN CCHO)
m S II=1,10
o oS W=t 11
BCII, b )=0
CONTINVIE
PiN=N+1
MM=N+ 2
no 1S k=1, NN
ml 15 =1, NN
IF(F ECGL 1 AND L ERQ 1) G0 10 77
SHMB=0
I EADN=I EADN+NF—1
oo 10 I=LEAD. | EADN
SLIMB=SLIMB+X () ##¥ (K~-1+.1—1)
B{k..D=51IMB
GO T 19
B(l. 1)=NF
CONTINLE
UM =0
o0 1e I=LEAD: LLEADH
SHMC=SLIMC+F (1)
Bl MM)=SLIM
Ty 30 k=2, WM
SHMC =0
my 20 I=LEAD, LEADN
SHMC=SLIMO X CT ) ## (E--1 ) #F (1)
B, MM) =S1HIM(
Do 990 k=1, NF-1
WRITE(IZ, 980)(BCI.H., L), JEL=1,5)
FORMA1 (1H . SE15 4)
CONTINLIE
FF=F (LEAD)
CALL PIVOT(NN, MM. Ti FF)
RETLIRN
END



FUO ey 240 IHTEG FR A ITE -
1 . ‘E: .77

SHBROMITIME IMIEGCIZL DEL t4 STakRT e

COMHON Gz RalEVSO0)

COMMOR-BUE T SIH A5

Falf [=NEl TA- 3

oy 5 I=1 Ix

SIMT LT =0

CAa IMIE

SHM=RAaIEC 1Y +3 #RaTE 2 +RATEC 2D

SIMT Zy=SlMeFRCT+STaR T

ml Jw I=50Ta.

SH=SHM+RATE I-2+4 #RaTE(I-1Y+RATE I

STMT  Iy=SisF Al T+STAR ]

COMNTIMNIE

FETHIFHM

EHD

el BNl LA

-06¢-
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i fIV ey 240 MalFIX FR JdRIME B Vel EML A
I (IR =
SHRECHL THE B TYOLOM, MM X FF)
VEMEON R ES o 1)
DTMEMZtOR XO10)
NI Ey=1:
e 30 10 i
ny =G =10 N
FI=1-1
SIR=ABS oL LT
1111
o .S k= LM
LE (aBS ek, LLYY VEDSTR) G0 0 2
SIR=AR% otk LT
[S=k
25 O TR IE
[FeSTRY 4400 441, 440
4310 L oeid Eb =18 MM
TSR O B B R
ACTSL FE Y =il T, FED
oty (Il vhy =27
210 FORMATCIH o MATREX 1S STNGUE AR )
EAU-=an b I=13 Al ~1. I-1)
[y 40§ =1, MM
() A byl bt v—FEaea i1, 1)
X OMNDY= ey CR MDY - @ (L ND
NN EI N |
Iy 4o |10 MNh
T =il
=M =0
=T +1
W Jos k=0 B
S SUHM=SHM+ @ (T 1) #X D
400 X(Iy=iAd L MMY=31M)Y 7 (T, T)
® FRITE (M Ty, 220)
KEEO FORMesl C1HO. SOLUTTON YECTOR )
¥ s 20 T=1,4
X0 WMRITEMETY, 2301 X(T)
A730 FORMATCIH L2 5X IFELS &)
Gre T e
441 WRLTE (M by, 2100
X)) =tF
ey &0 2, 1o
20 XColhy=0y o
D RE THIRM
M

in
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Properties of Ice
Properties of Water
Computer Programs
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Properties of Ice
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Properties of Water
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Computer Programs

Convolution Integral



I B A

NOYA 240 CoOrval 1 FR JAIME A YAl ERHCIA

THIS PROGRAM FINDE THE SURFACE TEMPERATHRE OF A SEMI-IMFINITE
BOD: SHBIECT TO a TIME VARYING HEAT FLLUX AT THE SURFARCE
AMD UNDERGOING A PHASE TRAMNSFORMAT TON

REAL ., K1

ODIMENSION 2(2000). NAME (5)

COMMON - BLEQ/EXFLI(Z200)

TYFE "FIILE NAME

FEADCIL. JOO) (NAMEI). I=1. 5

ACCEFT HUMBER OF POIMIS -~ NLIM

ACCEFT DELTA 11 . DUS

ACCEPT /76 LOST FRACTION . FF

ACCERT "TCORYOQ. TF - . TCL TF

CAall OFEN{S, NAME. 2. IER)

Do S I=1. Nl IM

READ(S. 110)EXFRC(L)

EXFC(I)=EXFa{I)#FF

CONTIMNIE

CALL CLOSE(S, IER)

FI=2 1415924

ACCEPT K1, ALFHAL. E. BETA k1. ALFAL. K. BETA

HRITE(12: 300)NAME. k1. ALFAL, DUS. FF. TC, TR K, BETA

WRITE(12Z.301)

na =20 I=1.NLIM

CALL DASHWOIFW)

TALI=FL OAT(T)

mi=plis

LIPFER=2. #SQRT (TAll}

M=HFFER.- DiLi+]

NT=MN-(N-2)#2

IF(NT E& O)N=N+1

Mi=lFFER - (N-1}

IFCIFW EQ 1 UR IFW EQ 2HYWRITE(1Z, 20000, Wil 1AL

-96¢-



Do zZO J=1. N
H=Fl 0al Gi-1 ) #[1i
SCRH=TANI- (L1, 2 )##2
IF{IFW EQ 1. QR IFW EQ #HYURITE(1Z. Z05)11L SCRH
CALL HEAT(F, S2CRW. IFW)
RGN =F
20 CONMTINUIE
CALl SIMFOSMFINT. DUL ML G TFED
ZZ1=k#BETA -2 “SBRT (AL FAL)
EFS=ERFF{ZZ1Y FI#SORT(ALFRIAFI)
THE 1 A=~5HF IH | #EFS
LDEL T=THETA+IF-TC
I=1HETA+TF
WRITE(1Z, ZZ03 1AL THETA. EXPRCLY . DEL T
30 CORTINIE
100 FORMAT (SAZ)
110 FORMAT(F10 35)
Z00 FORMAT(IH - Mali W, DL tal 14 ZE1S =
205 FORMAT(IH . MAIM 1L SCRU  ZE1S &)
220 FORMaaT(IH 10X F10 1. Z2(105. F10G 2, 10X F10
300 FORMAT(IH - - - 1H . 5S¢, "FIIE : y BRZ
T1HD. S, K. - E1S & o =Tl &t ot S
11H . 5%, nl FHA CE1S 4, Hz-5 -
TiIHO, 5. Ol - F1o 2 1H . 3% FF yF1G 2
11HO, 8%, - 1C W F1o Z. 0 K 71H 5%, " TF .Fl10 2.
11H -5X. ¥ “.E1S5 &.10%x. BETA . F10 S:7-)
201 FORMAT(IH . 14X, TIHME 15X, THETA 17X, &-f@ 1
11H 1%, = 1270 b 15X FHCHZ O 1FX. b
Eiln

[ Y]

“.
-

[TA]

X. DELTA T

-L6E-



NI

i

ZOO

M 240 COR0Z FR JAIHE A

THIS SHBROIINE INTEGRATES THE FUNCIIOH F OYVER
M POINTS
SHRRONMTINE SIMPOSMPINT. H. M. F TFLD)

IER=MH—-(H z,#Z

IF(IER E (M 1YFPE "SIMF IEFR . [EF

NM=H-Z

Sl IM=0

DO S =1 MM 2

SHM=SIM+F (I)+4 #F I+l +F v [+2y

COMNTINIE

SHEFINT=H 3. #2LiM

IF(IFY E 2 OF IFW EQ TIWRITE(1Z, ZOO0)SMRPINT. . H. N
FORMaT (IH . SIMPSON  INTEG. H: N ZELS. &, 5X: I&)
RETHRHN

END

Ual EMCIA

-86€-
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H

]

iy

NOVR 240 COMHMIDE FR JATHE w

FOR THOSE TIMESZ THAT ARE NOl EXCAT M TIFLES
SUBROQUTIME HEAT (F. SCRU- IFLD)
COMMOMN "BLEO-EXFUOZ00)
I==2CRL
IF I B} o I=I+1
x1=1
xZ=1+1
X¥2=I+Z
Fl=fEafFueiily
FZ=EXFQ(I+1)
F22=sEYFO{I+2)
{=SCRU
F=(X-XZ) (X1-XZ)#(X—-X3) 7 {XI-X3)#F 1|
T+CX=X1) 7 (XZ-X1)1# e X—X3) " {XZ-X2)#FZ
ZHOX-X1) (A 3=-X1 )y {X=XZ) 7 { X 2~-XZ)Y#F3
IFCIFW ER 2 OR IFW EQ 9YWRITE(LZ, 2000 T F1. FZ. SCRU,
FORMAaTcIH - HEAT . I.F1.FZ. SCRUL F IS, 4E1S &0
RETLURH
EHEO

VAl BEFCIA
FTHIS SHBROUTIME CALCIN.ATES THE HEAT FLIIXES By INMTREFOLATION

OF 1

SEC

-66¢€-



i M il =40 S ETS FR JAIME A YALEMCTIA
r 11-23.595

= ERROR FHMNCTION OF X

FHMCTION ERFF(Y)

OIMEM=ION A5

COMHMON-BL L SHT Y F. A

nata F-O 3275711 .

1 A0 ZR4BZVSTE. -0 IR449:734, 1 421413741 -1 453152027,
2 1. 0&61400%542% -
IF (Y Y10 20, 20
10 1=—1
RO T S0
Z0 1=X
20 1=1 G (1 QO+F#7)

IFcy GT & 32y GO TO 12
EX=ExF{~vy#y)
GOOTO 132
Ex=0
ERFF=1 O—(T#{A(1)+T#{(A(Z)+T#(A(2)+TH(A{3Y+TH#A(S)I» 11 )Y HEX)
30 ERFF=—EFFF
SO COMTINIE
IF(ABRS (XY |E 1| E-10)ERFF=0 00
RETHIRH
EMD

b p—

(N

-00%-



TICH e 2400 UL AR A o o IHIME @ YAlLEH . Th
THI= FRUOGRAM FINHDS THE <IRFerE TEMPEFRTHFE OF W SEMI-DIFIHLIE
B0y SHEAECT T w TIME "'mRIHES HERT Flity ] THE SHRFACE
FEal 1
DIMERS IO Gd zooon MalE v5)
COMPPan - BLE Y EZF 2000
T+FE FII E HaAME
FEALVTT. 120 (HaME TY, I=1.5)
ACCEFT HHMEBER OF FOINTT R IM
HECCEFT DEL e 1 D
ACCEFRT 0 w LsT FRa TTUH L FF
ACCERFT  TCRDL TICE - TINE
CALL OFEMHS fAME, = TERD
Do S I=1.MIM
FEADNS 110 E=Fi | o
EXFC I =EaFi [ =FF
COMTINIE
Call CHOSECS. TERD
FI=3 1415524
ACLEFT  F.AlLFHAR b sl Fw
WRITE(1Z, 2ol HaME. B AL Fa- DHE FF: TC. TICE
T+FE TEHF FILE HAME
FEAD(IT. 100 HMaMEC Ty, T=1. 5
CaAll OPEM{:. NeME. 2. IER)
WRITE 12 307 ) HAME
HMEITE(1z. 201
o 20 I=1.0 1IN
cab b DAasthc TFRH
Iabi=Ft Al I
==
HFFER=2 #S0RT (At
M=IIFFER -DMiI+1
MU=t-( Z %=
IF(MT EQ O)M=H+]
TH=HFFER - -1
IFCIFU B | OR IFE B <iHRIIECT 0 2000 M. DHL Tall

-Lob-



20

100
11Q
Z00
205
2260

300

2o =1 H
tl=FL Q& =1 ) =0l
SCRUH=TRII-1- 2 yaxZ

IFCIFW EQ 1 OR IFW EG MURTIE1Z, 20511 SCRW

Call HEATIF SCRW. IFW)
B =F
COMTIHINE

CALL STMFPOSHMPIMT. Dl Moo TFRUD
THETA=-SERT (AL FA-FI) - F#SMPIMHI

DEL T=THETA+TICE-TC
T=THETu+!| ICE
BRITE(~. 11001

WRITE1Z. ZZO0)TAL THETA. EXPRCIY,. DELT

COMTIMIE

caALl CLOSECL TER)
FORMAT (SAZ)
FORMATIF 1O S5

FORMAT(IH -

FORMAT(1H

MAIH M. TUL Tall
- HAIH L SCRE

v I&ZELS A

L ZELS &)

FORMAT(IH . 10X.F10

1. Z2¢10X F10

FORMAT (1H

o 1H CSX FILE

23 10X FLo 2)
] SQZ"

11HO. 5Y. K -E1S &0

11H . 5X. ALFHA . E15 4.

b S=M—k "/

Mz =

11HD. 5X. Dl CF1O0 2A01H OBX FF L F1G. 2

11HG. 5. TC W FI10 2. K -IH . 3X. TICE L F1O 2. | AN

FORMAT IH . 14
11H - 12X. 5 .1
FORMAT (IHO. BX. - TEMF FILE
EMD

X. TIME .15x

» IHETA 17X, A . 13X,
X KO VIBX CREW-MZ 19X K 7

CLBAZ )

"DELTA T

;

-20v-
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Computer Programs

Variable Grnid Size Heat Transfer Model



10

15
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NOVA 840 YRBLG FR JAIME A VALENCIA
VARIABLE GRID SFACING
REAL. MBOFF

DIMENSION TH(S0), THSY(50)
REAL. K1, K2
MR=11
MW=12
ACCEPT “K1,ALFAL ° K1, ALFAL
ACCEPT K2, ALFAZ *, KZ, ALFAZ
ACCEFT “RHO, QL HYAP *, RHO, QL. HVAP
READ (MR, 105)M, NLIM
READ(MR, 110)DTAL, EE, E
READ (MR, 110)FILMT
READ(MR, 110) TF, TCRYO, TWAT
CALL DASW(IFW)
THF =0,
THC=TCRYO-TF
THW=TWAT-TF
NN=Z#M
R=FLOAT (M)
P=FLOAT (NN)
IPRT=1 /DTALI+O. 1
WRITE (MW, 200)K1, ALFAL, KZ, ALFAZ, RHO, AL, HVAP
WRITE (MW, 201) TCRYO, TF, TWAT
WRITE (MW, 202)M, E, EE
WRITE (MW, 203)DTALL NLIM, F ILMT
CALL TSURF (TS, TF, TCRYO, DTAL, FILMT, IFW)
THS=TS-TF
DO 5 I=1,M
TH(I)=THS+(FLOAT (1) /R) % (THF~THS)
IF (IFW. EQ. 2. OR. IFW. EQ 9)WRITE (MW, 210) I, TH(I)
CONT INUE
DO 10 I=M, NN
THCD) =THF+(FLOAT (1-M) /R) % ( THW-THF )
IF(TH(I) GT. THW) TH(I)=THW
IFC(IFW EQ. 2 DR IFW EQ. 9)WRITE(MW, 210) 1, TH(I)
CONT INLE
MBOF F=0
INIT=0
11=0
117T=0
I1=11+1
IF(II EQ. IPRT)IIT=1IT+1
IF(I1. EQ. IPRT)II=0
CALL DASW(IFW)
TAU=(FLOAT (IT)+FLOAT(IIT)#FLOAT (IPRT) ) *DTAU
CALL. TSURF (TS, TF, TCRYD, TALL FILMT, IFW)
THS=TS-TF
NS=0
IF (IFW. EQ. 2. OR. IFW. EG. 7)WRITE (MW, 210)NS, THS
TPRO=(TH(M=1)+TH(M)+2. #TF) /2
CALL PROP(TPRO, VK1E, YOP1E, VRHO1E)



(E=(UIE# ¢ [H(M=Z)—4 #THM-1+32 *THiM) )}

o CRHO=RY )
E=DE#1ALI+E
f:=1=E-F
Oxz=+EE~-E» iF-F)»

IFCIFW ER 2 R IFW B #3URTIE«MU. Z20YE DE- (1]

MMi=M-1

My 20 FM=1.HiH1

IF M Ed 1) THHMI=THES

IFiM NE 1) THHMI=THMN-1)
TRPRO=TH{(M)+TF

CaLl FPROPCTRFROL VL VCE. VRHDD
TFRO={ THMMI+ TH P +Z #0F - 2
ralbl PROFOIFRO. R VCFT VRHGT
IFRUO= CLHOR + THeH+1 2 +2 #1F 2
Calt FROFPOIPROD. YR YEFZ VREHOL)

DITHOT = 150 THHMT = THAHD ) = 5a 0 THIRDY = TH R+

NIH=(FI DATIMY B> # CTH(N+1 —THHML ) -2 #DE
+0OTHOT
THSY Ty =0TH#T b I+ TH R

—

IFCIFU ED 2 GR TRHD E@ rWHRITE ML STo M THS T

30 CORE THHE
THS iy =0

IFCIFW EQ 2 OR IFW EC ZoWRTIE-TE Z1o M THE M

MF1=M+1
FIFIM§ =HEM-1
D0 SO H=HF 1. HNMI

OiH=(F—Fl UaT (M) «EE-E s/ TH{H+1 -TH(M-1 0
1+l FAZ#CITHM-1)—2 #THOTD+HTHM+L) ) - (EE-E r %=

THEY (R =NTH#H A+ T H P

[FAL1FL Fiz 2 R JRUE B S URTTEMEL Z100H THS T

S COpd T TRVIE
THS HED = T HM

IFClFi Bt ook JRFU B = R ITE -1 ool L

<z

v #E-R)

14EEZ# CTHMAE)) -3 # ITHM+1 2 +2 #THM) ) - (2 #(EE-E)» 'F-K! 1

(URHM# R+ E Ry#az)

-7 «DE
(F—F)sni

it
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80

105
116
200

201

202
203

210
220
225
230

DTDX=(-3 #THS+4 #TH(1)-TH(2)) (2. =#DX1)
TPRO=THS+TF

CALL PROP(TFPRO, VEQA, VCPEA: VRHDGA)

IF(IFW EQ. S OR IFW EQ IWRITE (MU, 220) TFRO, VERA
BA=VEQA*DTDX

IF(IFW EQ 8 0OR. IFW EQ ?)UWRITE (MW, 220)TALL 2A. E
ITEST=II-(II/IFPRT)®*IPRT

IF(INIT. EQ O)QAS=0A
MBOFF=MBOFF+ (QAS+RAQA) /2. /HVAF 10 #DTALUl
IF(ITEST. EQ. OYWRITE(MW, Z2S) TALL BA, TS, E, MBOFF
FAS=0A

INIT=1

DO 80 IK=1, NN

TH(IK)Y=THSV(IK)

CONTINIE

IF(IIT. GE. NLIMYCALL EXIT

G0 Ta 19

FORMAT(SIS)

FORMAT(SF10. 2)

11H 95X, "FILMT - F10. 277407 747)

FORMAT(1IH , IS5, F10. 2)

FORMAT (1HO, SE15 64)

FORMAT(1IH 3(10X,F10 2), 10X.F10 S, 10X, F10. 5)
FORMAT(1IH , "E,DE, DX}, DX2 . 4E15 &)

END

FORMAT(IH /77//7771H ,5X, K1 @ “.E15 6, 19X, "ALFAL @ 7,

1E1S. 671H . SX, K2 © 7,E15 4. 15X, "ALFAZ : 7, E15 &/

Z1H 5X, "RHO: 7, E1S 4. 15X, 6t : T E1S A/

31H . 5X: "HVAF " E13 4/771)

FORMAT(1IH , 5X, " TCRYO : “,F10 2Z71H , 53X, - TF T F10.0 25

11H . 5X, "TWAT : L F10 Z/7/7)

FORMAT(1H , 35X, "M IS5, 10X, E . :F10 5, 10X, EE : F10. 53749
FORMAT(IH , SX, "OTAN ¢ ", F10. 5,104, NLIM : ,IS/7/

-90%-
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99
200
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NOVA 840 S EI4S FR JAIME A, VALENCIA
SURFACE TEMPERATURE L INEAR DROF WITH TIME
SUBROUTINE TSURF (TS, TINIT, TCRYUL TALL FILMT, IFW)
IF(TALL GT. FIMLT)TS=TCRYQ
IF(TALL GT FILMT)GD TGO 99
TS=TINIT-(TALWFILMT)# (TINIT-TCRYQ)

IF(IFW EQ. 9 0OR. IFW EQ. 4)WRITE (12, 200)TALL TS
FORMAT(IH , "TSWIRF -, 2F10 2)

RETUIRM

END

NOVA 840 S KIS FR JAIME A VALENCIRA

FROPERTIES OF ICE

k. IN KE.1/S—M—FK.

CFOIN E/EG-E

RHO IN KiG/M3
SUHBROUITINE PROF(T, K, CP, RHD)
REAL. K

A=0. 128244E-1

B=-0 215321E-4

C=0. 280440E-4A

D=0, 319791E-9
Ka=Q+RaTHCH TH#2+0#TH#3
A=-0. 617327E ©

B=0. Z217018E-1

C=—0. 834677E-4

D=0 15475%E~&
CP=A+B#T+C#T##Z+DaTH##3
=0 941132E3

==0. 103774E0
C=0. 30L£146E-S
RHO=A+B# T+C#Ta#2
RETURN
RETIIRN
END
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Computer Programs

VGS/VLE HTM
In addition to the programs listed, the following subroutines

are used:

- VLE Model (Appendix B)

INPUT
SETUP
CuBIC
ARCOS
FUGCF
YNEW

XNEW

DELTA

- Heat Transfer Models
TSURF
PROP



NOVA 240 FIFPS1. FR JAIME A VALENCIA
777

10721777 HVARP=SIIM(X (1) #HVAP(I)) >DISK FILE

1/14/78

T3 36 36 36 36 3 3£ 36 46 3 36 2 38 3E 36 96 36 35 36 31 38 38 36 36 38 35 3 36 36 36 35 36 34 35 3 36 35 38 3¢ 36 3 34 36 36 36 3536 I 30 38 36 3 36 36 38 3 36 46 36 3E 38 36 40 3 36 3 IE 6 3

THIS PROGRAM COMPUTES THE COMPOSITION OF THE VAPOR EVOLVED
WHILE BOILING LNG ON WATER.

SOAVE-REDL ICH-KEWONG EQUATION OF STATE
COSTRAINTS: P AND X
VARIABLES: T AND Y

ONOO0ONOO00O00000

SHE 626 36 90 30 30 3 3020 3030 30 0 30 0 0 30 3 3 348 3 35 36 30 3030 6 30 36 3303006 36 3630 38 30 30 30 30 2 6 30 36 3006 3 30 3030 S0 AR R H S B I WA
REAL MWT(3), K(5), KIJ(5,3)
REAL MASS, MOLE, MWTL.
REAL. MBOFF, MBOFF<
INTEGER CODE
INTEGER TITLE(30), TCHE
DIMENSION X(5),Y(S), YN(S)
DIMENSION PC(3), TC(3), WD)
DIMENSION RATA(S), RATB(S), FHIL(3), PHIV(3)
DIMENSION TB(S). DENS(3)
DIMENSION IDATECZ), HY(3). CF (37
COMMON NCOMP, FC, TC, W, TB, T: P. KIJ
COMMON/BLEMT /MWT
COMMON /BLEMW. MW
COMMON /BLKDM/ DM, DMOLE, DL S
MR=9%
R=8. 3143
AREA=143.
997 CONTINUE
READ(MR, 105 )MW
483836 35 30 36 3 38 74 36 30 31 30 35 30 38 36 3 30 96 34 35 2 3 38 30 30 30 30 38 30 35 0 36 36 35 3638 3626 36 36 36 36 96 38 35 3 6 6 36 36 3446 36 38 35 36 36 36 36 38 30 3636 0 34 3
c
C MR1 ALLOWS TO INPUT FROM DIFFERENT SOURCE THAN MR, EG TTY
C
38 36 35 38 36 38 36 36 36 38 35 36 3 3 31 35 38 36 36 34 35 36 36 38 35 36 36 38 36 36 38 33898 36 35 36 3 3 36 36 38 36 38 35 35 36 35 35 3036 34 0 30 41 36 3 6 36 30 96 30 36 36 0 340 30 M9 2
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READ(MR. 105)MR1
CALL DATE(IDATE. IER)
CALL FGTIM(IH. IM, IS)
WRITE(MW, 200)IH. IM: IS, IDATE
READ(MR, 110) AREA
READ(MR: 110)ERRY, ERRSY. TDEL
READ(MR, 110)DLS
WRITE (MW, 2Z09)ERRY., ERRSY, TDEL, DLS
4 36 3636 36 38 30 36 36 36 36 30 36 36 36 35 36 36 36 3 36 36 3646 30 36 3 30 30 30 30 30 30 30 3030 302036 36 30 20 00 35 338 36 30 30 30 36 30 26 230 330 36 40 30 30 3 H 2 I 20 30 36 28

ANY TITLE MAY BE FRINTED OUT IN THE OUTPUT FPROVIDED THAT
A 7 T ° IS PUNCHED IN THE FIRST COLUMN AND A BLANK CARD
FOLLOWS THE LAST TITLE CARD

aOOoO0O0

3538 36 36 30 35 36 30 3 3036 36 36 36 35 46 76 36 3 36 35 36 30 36 30 36 30 36 36 36 36 38 36 35 353636 36 36 36 38 35 35 38 95 3030 2 30 30 36 30 36 3 38 3 306 30 30 33 S0 30 3 30 3 30 3
READ(MR, 115) TCHK
401 READ(MR. 11S)TITLE
IF(TITLEC(1) NE TCHEK) GO TO 298
HURITE(MY, Z50)(TITLEC(I), I=2, 30)
GO TO 401
998 CONT INUE
INIT=0
CALL INFPHT(MWT, DENS, MR)

(536 38 26 36 36 36 36 36 30 38 30 38 36 38 36 36 4638 383 0 30 70 36 30 30 90 36 30 30 30 30 30 H I 2 30303 30 3 3 JH ISR I IS R H B R
C

C PRESSURE LINITS ARE N/MZ. USE PFAC FOR CONVERSION FACTORS.

c TEMPERATURE IN DEGREES KELVIN USE TFACI AMD TFACZ FOR CONVERS
c E=(X+TFAC1) /TFACZ

C X=F TFAC1=45% 6 TFACZ=1 8

C X=F TFAC1=491 4 TFACZ=1 8

c X=C TFAC1=273 15 TFAC2=1. 00

o

3040 3630 35 3 4030 30 35 30 2 3036 26 3 30 3 3 30 36 0 6 30 40 30 36 360 3630 30 30 30 20 30 J 0 I 0 30 H B S IR0 30 0 3E SR I I I SIS S P RS

FREAD(MR, 110)PFAC. TFACL, TFACZ

-0Lb-
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goOoOnOn

0

IFW IS USED AS A GENERAL FLAG

T 36 3 3 3t 3 38 38 3 36 3E 3 330 3 3 3 3E 36 36 30 3 3 036 3 30 36 3 3 3 3 3 36 3 34 3E 34 3 38 3 3 3 3 303 30 3 30 3 3 30 3 30 36 38 3 3 3 36 3 30 3 3 3 3R 3 3¢

WITH THE FOLLOWING CONVENTION:

A FRINT DETAILED CALCHLATIONS OF S-R-K
7 FRINT INTERMEDIATE Y 'S AND IS
8 FRINT INTERMEDIATE X'S

10 STORE IN DISE FILE:
TIME. TEMF, X(I). ¥ (I}

ANY OTHER NUMBER WILL NOT CAUSE ANY ACTION

17035 38 35 35 35 36 36 36 35 36 35 48 35 35 36 36 36 35 34 34 3 36 34 38 3 35 36 36 3 3 38 36 3 30 30 3 36 35 36 36 30 36 35 34 35 30 3 30 36 5 36 35 3338 36 30 36 3 30 36 2 IE IE I I3 3

330

333

READ(MR, 110) (HY (1), . 1=1, NCOMF)
READ(MR: 110) (CP (1), d=1. NCOMP)

READ(MR, 10S)IFUW

IF(IFW. NE 10) GO TQ 2330

CONTINUE

READ(MR, 110)T, (Y(I), I=1, NCOMP)

T=(T+TFAC1)/ TFACZ
TS3=T

READ(MR, 110)P
P=F#PFALC

READ(MR. 110)MRASS

READ(MR, 110) (X(I), I=1, NCOMP)

READ(MR: 110) THMAX
IL=TMAX+0O 001
DMA=0 O

MBOFF=0

MBUOFF =0

MWTL=0 O

COoDE=2

TIME=0O O

ITIM=0

ITIMT=0

DO 333 I=1, NCOMF
MWTL=MWTL+MWT (L) =X (])
CONTIMNIE

MOl E=MASS ' MWTL
IW300=0

=LLyv-



10030 95 36 38 35 35 35 45 35 96 35 36 36 36 35 38 35 31 38 35 35 38 36 35 36 36 38 36 38 3% 36 3¢ 3 3 30 36 36 45 36 36 30 36 36 3 35 36 30 35 30 36 3 3 3 30 36 36 36 20 30 1 3 3 30 S0 I I SEIE I
O

o IFLG ALLOWS INITIAL IZATION OF YALUES OF T FOR ITERATIONS
c ICT IF T DOES NOT IMPROVE BY MORE THAN O 002 IN 195
C CONSECUTIVE TRIALS., TERMINATE THAT ITERAION

L
C4F 3640 3036 3 3 340 36 36 3038 3 30 30 H 303030 330 30 30 20 30 46 30 30 30 36 30 30 0 36 30 30 30 35 30 30 030 20 30 30 6 20 318 30 30 S0 30 30 3 30 3R I S SE S I I 20 B 3
1001 CONTINUE
IFLG=0
ICT=0
IYCT=0
1 CONT INUE
CALL SETUF(AZ, BZ: X, RATA, RATB, IFW)
CALl. CUBIC(AZ,BZ, ZV, ZL., IFW)
CALL FUGCF (X, ZL: PHIL., AZ, BZ: RATA, RATE, IFW)
2 CALL SETUP(AZ, BZ, Y, RATA, RATE, IFW)
CALL CUBIC(AZ, BZ, IV, ZL, IFW)
CALL FUGCF (Y, ZV, PHIV. AZ, BZ, RATA: RATRE, IFW)
DO S I=1, NCOMF
KAI)=PHIL (I) "PHIV(I)
S CONTINUE
CALL. YNEW(X. YN, i, NCOMP, SLIMY, IFW)
DO 10 I=1, NCOMP
IF(ABS(YN(I)-Y(I})). 3T ERRY) 5O 10 Z0
10 CONTINLE
GO TO 50
20 DO 25 I=1, NCOMP
Y(I)=YNC(I)
IF(IFW. NE. 7) GO TO 25
WRITE(MW, 210)I, X(I), Y (I)
25 CONTINUE
IYCT=IYCT+1
IFCIYET. GT. 1000 WRITE (MW, 260)
IF(IYCT GT 1000)G0O TO 54
GO TO 2
50 CONT INLHE

-elLy-



EXCY=1. ~SUMY
IF(ABS(EXCY) LE ERRSY) G0 [0 54
IYET=IYCT+1

FOIVET GT 1000)WRITE (MW, 260)
IF (IYCT GT. 1000)530 0 S4
IF (IFLG. NE. 0) GO TO 80
EXCY1=EXCY
EXCY2=EXCY
T1=T
T2=T
IFl G=1

80  CONTINUE
IF (IFW. NE. 7)G0 T 800
WRITE (MW, 80S)EXCY, EXCY1, EXCY2, T, T1. T2

800  CONTINUE
TEST1=EXCY#EXCY1
IF(TEST1)81, 81,85

81  CONTINUE
T2=
T=(T+T1)/2
EXCY2=EXCY
50 TO 89

85  TESTZ=EXCY#EXCY2
IF (TESTZ)84. 864, 88

86  CONTINUE
T1=T
T=(T1472) /2
EXCY1=EXCY
GO TO 89

88  CONTINUE

T2=T1

Ti=T

IF(EXCY. GT. 0 0)T=T1+TDEL

IF(EXCY LT. 0 0)T=T1-TDEL

EXCYZ=EXCY1

EXCY1=EXCY

COMT INLIE

u]
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54

£
W

50
65

70

ICT=ICT+1

IFCICT LE 15)G0 TO 53
ABRST1=ABS(T-T1)
ABSTZ=ABS(T-TZ)

IF(ARST1 GE. O 00Z2)G0 TO 33
IF(ABSTZ. GE. 0. 002)G0 TO 53
G0 TO 54

CONTINUE

IF(IFW EQ 7YWRITE(MW. 200) T
G50 TO 1

CONT INUE

IF(IYCT GT 100)IIY=IYCT/100
IF(IVCT. GT. 100)WRITE(MUW, 270)11Y
IF(INIT. NE. O) GO TO 70

H=1 QOE&#(MOLE#ZL #R#T) /F/AREA
HVAP=0.

CRLIA=0.

DO 43 KE=1. NCOMP
HYAP=HVAP+HVY (KF) # X (FK)
CPLIQ=CPLIQ+CP (KK #X (KE)
CONTIMHE

DTCP=T-TSS

TSS=T

MBOFFS=MROFF

CALL HTM(MBOFF. T, HVAF, CPL IO, MASS. DTCF. AREA. IFRT. DTAL)

DMASS=(MBOFF-MBOFFS) #*AREA
IF(IW300 EQ O)WRITE (MW, 300)
IW300=1

DO 65 I=1.NCOMP
XW=X(I)#100.

YW=Y(I)#100.

IF(I.NE 1) GO TO 50

IF(ITIM EQ O)WRITE(MW, 420) TIME, MASS, DMA, MOLE, T: I, XW, YW, H

G TO 45

IF(ITIM EQ O)WRITE(MW, 415) 1, XW, YW

CONT INUE
INIT=1
CONTINUE
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78

Y9

105
110
115

IF(CODE EQ Q) 53O Tu 78

CALL. XNEW{MASS, DIMASS, MOI E, X. ¥, IFW. CODE. MCOMF)
50 TO 1001

CONT INUE

MASS=MASS-DMASS
ITIMT=ITIMT+1
TIME=(FLOAT(ITIM)+FLOAT(IFRT) #FLOATCITIMT ) Y #DTAL
IF(TIME GT. TMAX)GO Ta 2999
OHMA=MBOFF

INIT=0

IF(MASS LE -2 0) 50O TO 999¥
CODE=2

G0 TO 1001

READ(MR, 10S5)MORE
IF(MORE. EQ. O0) GO TO 997
CALL DATE(IDATE. IER)

CALL FGTIM{IH, IM. IS)
WRITE(MW, 2G1)IH, IM, IS, IDATE
CALL EXIT

FORMAT(31I3)

FORMAT(SF10. )
FORMAT (A1, Z9A2Z)

1\

11H , 10X, "TIME ~, 2(12, ": ). 12, 10X, "DATE -, 2(12, "77). 1277 ¢)
FORMAT(IHO/ 770/ s
11H 10X, 'TIME “,2(1Z, ": "), 12. 10X, DATE ", 2012, "» "), 127777}
FORMAT (1HO, 10X, - CONSTRAIMNTS: F AND ¥ /1H . 10X. - YARIABLES: T AND Y-
1/71HO, 10X, - CONVERGENCE CRITERIA <1H 20X, ¥ (MOLE FRACTION)
2,E12 4/1H ,20X. 1. 0 - SLUMY ~, 7X,E12 4:/71H , 10X,
4 - COARSE DELTA T “,F10 1/1H . 10X, "MAX DELTA MOLES .F10 37/)



250
260
270
300

415
420
2035
200
10

FORMAT(1H , 10X, 2¥AZ)

FORMAT(1H , "#7)

FORMAT(1H , I2, #-)

FORMAT{(1HO. 1X, TIME-, 7X. RESIDUAL ", 7X.  BOIL-0OFF . 7X. RESIDUAL
Z4X, - TEMPERATURE . 9X, "I . 11X, X(I) . 11X, - ¥Y(I) ,4X. HYDROSTATIC -
31H , 2X, "SEC . 11X, "MASS- . 11X, "MASS ., 10X, "MOLAR . 14X. - K. 531X, - HEAD" -
41H . 19X, "G, 8X, "GB/CM2-5", 11X, "MASS", 68X, "CH" /

FORMAT(1H . 70X, I5. F15. 4, F135 5)

FORMAT(1HO,F5 1, F1S 2. F15 2, 2F15 2,5X. IS, F13 4:.F13. 5. F13 2)
FORMAT(1H . "EXCY, 1,2 *.3F10.5,5X, "T, 1.2 . 3F10 3)

FORMAT (1HO. - NEW TEMFERATURE . F10 3)

FORMAT (1HO, IS, "X= -, F10. 5, 5X, “¥= ", F10. )

END
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0

NOVA 240 FIFSZ FR JAIME A VYALENCIA

VARIARLE GRID SFACING

SURROUTINE HTM(MBOFF . TCRYQ. HVAP, CPL I8, MASS, DTCP. ARER: IFRT, DTALD

REAL. MEBOFF. K1, K2, MASS

COMMON/BLEHTM/ TH(Z0), THSV(20), K1, ALFAl, KZ, ALFAZ, RHO, OL . M: NL IM
1, EE. E, FILMT, TF, TWAT. THW, NN, R, F. INIT, IT. IIT, @AS. IFIRST. NXCHG

MR=11

MW=12

IFC(IFIRST. NE. 123)DTCF=0 O
IF(IFIRST. EQ. 123)5G0 TO 13
ACCEPT -KE1,ALFAl Kl.ALFAl
ACCEPT K2, ALFAZ -, K2, ALFAZ
ACCEFT "RHO. QL . RHQ. &L

READ (MR, 105)M, NLIM, NXCHG
READ(MR, 110)DTALL EE/ E

READ(MR, 110)FILMT

READ(MR, 110)TF. TWAT

CALL DASH(IFW)

THF =0

THC=TCRYO-TF

THW=TWAT-TF

NN=2Z#M

R=FLOAT (M)

F=F1 DAT (NN)

IFRT=1 /DTAL+O 1

IPRT=IPRT/NXCHG

NL IM=NL IM#NXCHG

WRITE (MW. ZOO) K1, ALFAL. KZ, ALFAZ, RHO. 3L, HYAP
WRITE(MW. 201) TCRYO, TF. TWAT
WRITE(MW, 202)M, E/ EE

WRITE(MW. 203)DTALL NLIM, FILMT
WRITE (MW, 204)AREA

CALL TSURF (TS, TF, TCRYQ, DTALL FILMT, IFW)
THS=TS-TF

DO S I=1'M
TH(I)=THS+(FLOAT(I)/R)# (THF-THS)
IF(IFW EQ. 2. OR IFW EQ 2)WRITE(MW, 210) 1, TH(I}
COMTINLIE
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10

DD 10 I=M, NN

THCI) =THF+(FLOAT(I-M) /R) 3# (THW-THF)

IF(TH(I) GT THWY TH(I)=THW

IF(IFW EQ 2 OR IFW EQ 2)WRITE(MW. 210) 1, TH(I)
CONT INUE

MBOFF=0.

INIT=0

II=0

IIT=0

II=11+1

IF(II. EQ@ IFRT)IIT=IIT+1

IF(II EQ. IPRT)II=0O

IF(IIT. GT. NLIM)GO TO 9%9

CALL DASW(IFW)
TAU=(FLOAT(ID)+FLOAT(IIT)#FLOAT (IPRT) ) *DTAU
IF(IFW. EQ 1&)TYPE TAU

CALL TSURF (TS, TF: TCRYO. TALL FILMT. IFW)
THS=TS-TF

N&=0

IF(IFW EQ. Z OR. IFW. EQ. 9)WRITE (MW, 210)NS, THS

TPRO=(TH(M-1)+TH(M)+2Z »TF)/ 2

CALL PROP(TPRO, VK1E, VCP1E, VRHO1E)
DE=(VKIE#(TH(M-2)-4. #TH(M-1)+3. #TH{(M)) (Z #E/R)
1+K2Z2# (TH(M+2) -4 #TH(M+1)+3 #TH(M) ;7 {Z #(EE-E) 7 (F-R)})
27 (RHO#*0GL )

E=DE#DTAL+E

DX1=E/R

DX2=(EE-E) /7 (P-R)

IFCIFW E2 3. OR. IFW EQ 92)WRITE(MW, 230)E, DE, DX1, DX2Z
MM1=M-1

DO 30 N=1,MM1

IF(N EG. 1)THNMI=THS

IF(N. NE 1)THMNMI=TH(N-1)

TPRO=TH(N)+TF

CALL PROP(TPRD, YK, VCF, YRHD)
TPRO=(THNMI+TH(N)+2Z #TF) /2

Catl PROP(TFROD, VEL, YTFP1, YRHO1)
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TPRO=(TH(N)+TH(N+1)+Z #TF) 2

CAl L PROP(TFRD, VEZ, VCPZ, YRHDZ)

DTHDT=(VEL1#{ THNMLI-TH(M) )~V E# (THN) = TH(N+1)))) 7 (VRHO#VCP# (E-R) ##%)
DTH=(FL DAT(N) 7E) # (TH(N+1)-THNM1) v 2. #DE
1+DTHDT

TH3V(N)=DTH#DOTALI+TH(N)

IF(IFW ERQ 2 OR IFW EQ ?IWRITE(MW. Z10)N, THEY (N)

30 CONT INUE

THSV (M) =0.

IF(IFW EQ 2 OR IFW ER FIWRITE(MW. Z10)M, THSV (M)
MF1=M+1

NNM1=NN-1

DD SO N=MF1, NNM1
DTH=(F-FL.OAT{(N)) 7 (EE-E)#(TH(N+1)-TH(N-1)) /2 #DE
1+ALFAZ#(TH(N=-1)=2 #TH(N)+TH(N+1) )/ ((EE-E)##2Z/ (P-R)##2)
THSY(N)=DTH#DTALI+TH(N)

IF(IFW ER 2 OR IFW ER IWRITE(MW. 210N, TH3V(N)

S0 CONTINUE

THSV(NN)=THW

IF(IFW EG. Z OR IFW EG 2)WRITE{(MW: 210NN, THSY (MM)
DTDX=(-3 #THS+4. #TH(1)-TH(2)) (2 #DX1)

TPRO=THS+TF

CALL PROP(TPRO, VEQA, VCFEA. YRHOGA)

BA=VKA#DTDX

IF(IFW EQ 3 0OR IFW EQ 9)WRITE(MW, ZZO)TALlL DA, E
ITEST=II-(1I-IFRT)®#IPRT

IF(ITEST. NE. 0G0 TO 735

BACPL=CPL I0# (MASS/1000)#DTCP/ {AREA*1 E-4)/(DTALURIFRT)
IF(IFW EQ. 10 OR IFW. EQ 2)WRITE(MW, 240)TALlL, DACPL., CPLIQ. MARSS, DTCP
1, AREA, DTAL)

GAT=06A

GA=0A-LACPFL

IF(QA LT O O)RA=0 O

IF(INIT EQ O)BAS=0A
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MBOFF=MBOFF+ (QAS+0A) 7 2. /HYAF /10 #(DTALIFIPRT)
RAS=CA
INIT=1
IFIRST=123
WRITE (MW, 300)
WRITE (MW, 225) TAlJ, QACPL, BAT, TS, HYAP, E, MBOFF
WRITE (MW, 300)
RETLIRN

75 CONTINLE
DG 20 IK=1, NH

. TH(IE) =THSY(IE)

80 CONTINLIE
GO TOQ 15

9oV CAll. DATECIDTL, IDTZ, IDT3, IER)
CALL FGTIM(IH, IM, IS)
WRITE(MW, 310)IH, IM, IS, IDTL, IDT2Z, IDT3
CALL EXIT

105 FORMAT(515)

110 FORMAT(SF10 2)

200 FORMAT(IH /7777, 71H . 35X, "K1 :© ", E1S 4, 15X. ALFALl @ 7,
1E15. 671H . 5X. "KZ : 7, E15 &, 15X. "ALFAZ : -, E15 &7
ZiH . 5X, 'RHG: 7. E135 4, 15X, "Gl o T E15. 67
21H , 55X, "HVAP . E1D &777)
201 FORMAT(IH . S5X. TCRYO : °,F10 271H .5X, " TF S F10. 2/
TIH . SX, "THAT @ . F10 2777)
202 FORMAT(IH ., SX. M : 7. I5.10X, '"E : “,F10 5,10X, "EE : ",F10. 5777}
2032 FORMAT(IH ,SX. "'DTALl : “,F10 5, 10X, "NLIM : IS/ 7
11H . S5X. 'FIILMT - . F10 2//)
204 FORMAT(1IH .5X. AREA @ ~.F10. 2/1H1)

210 FORMAT(1IH , IS, F10. 2)
220 FORMAT (1HO, SE1S &)

225 FORMAT(IH , "TAW . F7 2.5X, QACFL-,F7 2,3X. QA WF7 2
1,5X, "TSURF-.F7 2,5X, HVAF ", F7 2,5X, EPS .F10. 5, 5X. "MBOFF-,
1F10. 5)

230 FORMAT(1H . "E,DE. DX1.DX2 ", 4E1S 4)
240 FORMAT (1H , - TAW. QRACPL. CPLIQ. MASS, DTCP. AREA. DTALL . 7E13 &)
300 FORMAT(IH . 120( " ="))
310 FORMAT(IHO /777 7-1H . 10X. “TIME 7, 2(12, ": "), 12, 10X, "'DATE
12(12, 7 ), 127+)
END
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