SYMPOSIUM SERIES NO. 158

Hazards XXIII

© 2012 IChemE
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The formation of a vapor cloud following the spill of cryogenic hazardous liquid on ground presents
significant fire or toxic hazards. Predicting the evaporation rate is central for risk assessment
purpose to estimate the consequences of the cryogenic liquid spill. Numerical simulation is per-
formed to study the heat transfer from the ground to the liquid pool during the vaporization
process. Sensitivity analysis is carried out and a set of optimized simulation parameters with a
domain size of 0.2 m, a space resolution of 0.2 mm, and a time resolution of 20 ms is chosen.
The effect of different boiling modes on the heat transfer is further studied using a boiling curve
to specify the boundary condition. Three different boiling stages — film boiling, transition boiling
and nucleate boiling — are identified. The heat flux across the ground surface to the liquid pool is
discussed during the whole cooling process following the cryogenic liquid spill on the ground. The
ability of this numerical model to consider complex boiling phenomena is encouraging as its further
development would potentially provide an accurate description of the source term model of vapor
formation during cryogenic liquid spill.

KEYWORDS: Vaporization, cryogenic liquid, heat conduction, boiling, source term model, LNG

1. INTRODUCTION

Natural gas (NG) has become one fast-growing source of
energy in the world driven by the needs for cleaner energy,
the relative low price of NG, and its abundant supplies.
When NG is liquefied, its volume is reduced by about 620
times, thus makes it easier to be transported and stored. Many
onshore or offshore LNG import terminals are expected
to be constructed in the future several years to meet the sig-
nificant increase in LNG importation from overseas as a
result of growing demand'->. Nowadays the natural gas con-
sumption makes up to 24% of the overall energy consump-
tion in the US, 3% of that is imported in the form of LNG.
However, when LNG is spilled on the ground or water, the
formed flammable vapor cloud brings significant fire and
explosion hazards. And although the history of LNG, which
begun in the late forties of the twentieth century, has a quite
good record compared to other fossil fuels, fatal accidents
happened. The biggest one occurred on 20™ of October
1944 in Cleveland, Ohio, where an incorrectly designed tank
failed soon after being put into service, causing a LNG
release and the formation of flammable vapor cloud. The
vapor cloud was ignited and the explosion led to the death
of 128 people”.

LNG is usually stored at atmospheric pressure and at
its atmospheric pressure boiling temperature of approxima-
tely —162°C. If there is any spill or loss of containment,
flammable vapor (predominately methane) will be produced
due to the heat transfer to the liquid pool. The initially cold
vapor resulting from vaporization will be denser than air and
forms a dense cloud close to the ground, which is pushed
downwind. If an ignition source of sufficient energy is
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present where a vapor cloud exists at a 4.4%—17% concen-
tration in air, the vapor cloud can ignite and burn. The
ability of predicting the vaporization rate of such event is
essential for risk assessment of safe separation distances
for flammable vapor dispersion and thermal radiation from
pool fire. Numerous researches have been performed on
the modeling of the vapor cloud dispersion*'®. However
LNG dispersion analysis is significantly affected by the esti-
mation of source term. An accurate source term model is
necessary to reduce the uncertainty of the subsequent dis-
persion model.

Generally, the source term model of LNG vapor
formation is dominated by the heat transfer from the
ground to the liquid pool. The existence of boiling generates
bubbles of vapor or a vapor film at the liquid-ground inter-
face depending on the temperature difference between the
liquid and the ground. This makes this heat transfer process
more complex to predict. Some experimental work has been
done to measure the boiling curve (heat flux vs. temperature
difference between the liquid and the ground) of cryogenic
liquid, such as liquid nitrogen'"'* and LNG'?. Liu er al'*
developed a CFD methodology to simulate the boiling pro-
cess at different ground temperatures, and found the simu-
lated boiling curve to be comparable to the experimental
data. This approach may be used to calculate the boiling
curve for complex cryogenic liquid, e.g. methane, LNG.

In this paper, the heat transfer inside a concrete ground
and at the interface between the ground and the liquid pool
are simulated numerically using MATLAB software. Lig-
uid nitrogen is used as an analog of LNG for this investiga-
tion due to the simple composition (pure liquid), easy cross
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comparison with literature data. In addition future validation
of the approach will be safer when performed with liquid
nitrogen than LNG as a first approach. The ideal heat trans-
fer inside the ground is simulated numerically as a first
attempt ignoring the thermal resistance between the liquid
pool and the ground during boiling process. A sensitivity
analysis is performed on different computational domain
sizes (0.1 ~ 0.4 m), space resolutions (mesh size, 0.2—
2 mm), mesh geometry (uniform, incremental) and time res-
olutions (time step, 2—20 ms). The numerical simulation
results are compared to the analytical results in order to
define a set of optimized parameters to be used for the
numerical method. The numerical model is subsequently
improved by considering the thermal resistance resulting
from the existence of a layer of generated bubbles on the
interface between the ground and liquid pool during the
boiling process. The effect of different boiling modes on
the total heat flux across the ground surface is discussed.

2. THEORY OF 1D TRANSIENT SEMI-INFINITE
HEAT CONDUCTION

A cryogenic liquid spill on an initially hot ground surface will
cause this surface temperature to decrease over time. With
the assumption of an infinite horizontal pool size, the heat
conduction through the ground can be reduced to a one-
dimensional (1D) semi-infinite vertical unsteady-state con-
duction problem described by the Fourier’s equation

FT 19T
ot

ey

2.1 ANALYTICAL SOLUTION FOR PERFECT
THERMAL CONTACT BETWEEN THE LIQUID AND
THE GROUND

If perfect thermal contact between the liquid and the ground
is assumed, and the ground surface temperature is con-
sidered to be constant at the boiling point of the liquid,

the solution of equation (1) can be described as'>:

T=T,— (T, — Tperfc(x/2+/ at), 2)
where T, is the initial ground temperature, T, the liquid
boiling point, x the distance downwards from the ground
surface, « is thermal diffusivity of the ground. The heat
flux ¢ across the ground surface can be calculated as'>:

_ k(T = Tp)
ot

3

2.2 NUMERICAL SOLUTIONS AND BOUNDARY
CONDITIONS

If the forward-difference approximation is used for time and
central-difference form for space, the finite-difference form
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of equation (1) is represented by'®

At
T = T s T = 2T+ )
=T+ 0Ty, — 2T, + Ty, )
where
At
n= (27)2. 5)

When the boundary temperatures are known, the
finite difference equation above can be employed to calcu-
late the temperature of the internal grid points as a function
of time. Generally, the problem is stable when,

alt

:@<0.5.

(©)

n

For a space resolution (Ax) of 0.2 mm, the time resol-
ution (Af) should be smaller 29 ms for a heat diffusion coef-
ficient of 7 x 10~ m?/s.

When the thermal resistance between the ground
surface and the liquid pool is ignored, corresponding to
perfect thermal contact between the liquid and the
ground, then a Dirichlet type of boundary condition can
be adopted, e.g., the fluid temperature adjacent to the
ground surface equals to the liquid boiling point (T, =
77 K for liquid nitrogen), then

TV = ! 4 (T, — 2T, + Tp) )

gt = A%(Tgx ~T)) (8)

Dirichlet boundary condition is suitable for liquid pool
without boiling. However, it is not valid when boiling occurs.
In this case, the thermal resistance between the ground
surface and the liquid pool should not be ignored anymore.
A Neumann type of boundary condition can be adopted if
the heat flux g between the ground surface and the liquid
pool is already known, and the ground surface temperature
can be calculated by

A'x 2
)

3. VERIFICATION AND OPTIMIZATION OF
SIMULATION PARAMETERS

To verify the numerical simulation and to optimize a set of
simulation parameters, the ideal 1D transient semi-infinite
conduction problem is studied by numerical simulation of
a finite conduction using MATLAB software. Figure 1
shows the procedure of numerical simulation. Concrete is
considered as the ground material, and some constant phys-
ical properties are specified as averaged values based on lit-
erature data'’~*° as below, p 2300 kg/m’, k = 1.61
W/m - K, ¢, = 1000 J/kg - K, @ = 7 x 107" m?/s.

THAT = T 4 n<T;x -Ti+ )
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Figure 1. Flow sheet of numerical simulation

The analytical solutions of equations (2) and (3) are
employed to verify the simulation results.

Different simulation parameters such as computa-
tional domain sizes, time resolutions, space resolutions and
mesh geometries are studied. The effects of them on the
accuracy of the simulation results are compared, and ultima-
tely a set of optimized simulation parameters is identified.

To simulate the 1D semi-infinite conduction process
on an infinite computation domain, it is of major importance
to determine a suitable computation domain size (D.). A
concept of critical depth (x.) is proposed. It is defined as
the distance from the ground surface to a point, where the
ground temperature 7 meets the below criterion,

T-T,
Ta_Tb

=0.99.

(10)

The time to reach this state is defined as critical time
(z.). According to equation (2), the critical depth can be cal-
culated as a function of critical time,

Xe & 3.643/ ad,. (11)

The effect of the domain size can be ignored only if

the computational domain size is larger than the critical
depth,

D > x,. 12)

Generally, for concrete with a heat diffusion coeffi-

cient of 7 x 107" m?/s, a typical critical depth will be

0.2 m at a critical time of 1h, which means the compu-
tational domain size should be larger than 0.2 m.
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Figure 2 shows the temperature profiles in the con-
crete at 1 hour and heat flux evolutions simulated at differ-
ent computational domains (0.40, 0.20, 0.13 and 0.10 m),
space resolutions (0.2, 0.5, 1 and 2 mm), time resolutions
(2, 5, 10 and 20 ms), and mesh geometries (uniform or
incremental meshes). The differences between numerical
and analytical heat fluxes at the ground surface are summar-
ized in Table 1.

Figure 2a and 2b show the effect of different compu-
tational domain sizes. For the domains of 0.40 m and
0.20 m, the temperature profiles resulting from the numeri-
cal simulation are similar to that from the analytical solution
(equation (2)). The heat fluxes are very close to the analytical
result for a period of 1 hour with a maximum difference of
—0.11% only at the initial several seconds. For the domains
of 0.13 m and 0.10 m, the difference between numerical
and analytical heat fluxes is noticeable after 30 minutes,
and it ultimately reaches +0.25% and +3.78% at 1 hour
respectively. It shows that a domain larger than 0.20 m is
large enough for current study. However, a domain of
0.13 m is also acceptable if only the heat flux at the ground
surface is concerned rather than the temperature profile.

Figure 2c and 2d show the effect of different space
resolutions. It is found the space resolution play a more
important role in the early stage (during 0~60s) of the simu-
lation. The difference between numerical and analytical heat
fluxes can be as large as —36.7% or —10.5% at the first
second for a sparse space resolution of 2 or 1 mm. However,
it quickly turns smaller than —1% after 36 or 9 seconds. For
amedium space resolution of 0.5 mm, the difference between
numerical and analytical heat fluxes can be —2.05% at the
first second. For a dense space resolution of 0.2 mm, the
difference is only —0.11%. The rapid reduction of the
difference between simulated and analytical heat fluxes at
a denser space resolution can be well explained by the trun-
cation error during the numerical simulation. When a first-
order derivative is approached by finite difference method,
the discretization error can be of an order Ax for forward-
difference or backward-difference whereas it is of an order
(Ax)2 for central-difference or second-order derivative'.
So the difference can be reduced from —36.7% to be
—0.11%, which is of the order 100, when the space resol-
ution is decreased by 10 times from 2 to 0.2 mm. Generally,
a dense space resolution of 0.2 mm will provide more accu-
rate results however at the expense of simulation time.

The effect of mesh geometry is also studied. To reduce
the simulation time, sometimes it is necessary to use a non-
uniform mesh instead of uniform mesh. Several incremental
meshes with different fixed incremental factors (IF), defined
as the ratio of the sizes of two adjacent meshes, are com-
pared to the uniform mesh (IF = 1) and the analytical
results. Although the temperature profiles show much differ-
ent from the analytical result for a large IF, it is found the
heat fluxes at the ground surface change little with the IF
(Figure 2e and 2f). The maximum difference between the
simulated and the analytical heat fluxes is 0.43% with an
IF equal to 1.20. However, the mesh number reduces from
1000 to 29, which saves about 97% of the simulation time.
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Figure 2. Temperature profiles at 1 hour (a, c, e, g) and evolutions of the heat flux at ground surface (b, d, f, h) simulated at different
domain sizes (a, b), space resolutions (c, d), mesh geometries (e, f) and time resolutions (g, h)
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Table 1. Summary of differences between simulation and analytical heat flux at the ground surface at different simulation parameters*

Domain size (m) Space resolution (mm)

Difference (%) Difference (%)

Mesh IF Time resolution (ms)

Difference (%) Difference (%)

0.40 —0.11 0.2 —0.11
0.20 —0.11 0.5 —2.05
0.13 +0.25 1 —10.5
0.10 +3.78 2 —36.7

1.00 —0.11 30 Divergent
1.01 —0.11 20 —0.11
1.02 —0.12 10 —0.23
1.05 —0.15 5 —0.30
1.10 -0.22 2 —0.33
1.20 —0.43

* For sensitivity study of each parameter, the other parameters are default: domain size — 0.2 m; space resolution — 0.2 mm; mesh IF — 1.00; time

resolution — 20 ms.

Figure 2g and h show the effect of different time res-
olutions. The temperature profiles and the heat fluxes at the
ground surface resulting from the numerical simulation are
similar to those from the analytical solutions (equation (2)
and (3)) for different time resolutions from 2 ms to 20 ms.
The differences between numerical and analytical heat
fluxes are smaller than 0.33%. However, if the time resol-
ution is larger than 29 ms, the solution will be divergent,
which is consistent with the stability criterion of equation
(6). To decrease the simulation time, the time resolution
should be as large as possible. So a time resolution of
20 ms is suitable for current study.

4. HEAT TRANSFER FROM GROUND DURING
BOILING PROCESS

The boiling process during a cryogenic liquid spill on the
ground will obviously affect the cooling process of the
ground. Compared to the analytical solution of the ideal con-
duction case, where the ground surface temperature is
assumed equal to the liquid pool temperature (77 K in case
of liquid nitrogen spill), the ground surface temperature
during a boiling process is higher than the liquid pool temp-
erature. During the boiling process, some isolated bubbles
and/or a continuous vapor film will be generated between
the ground surface and the liquid pool'®. These bubbles or

a) .
Liquid pool T,

Ground surface T,

T

T,

Ground bottom T,

b
( )Bubbles

vapor film reduce the heat transfer allowing the ground
surface temperature to be much higher than the liquid temp-
erature. A sketchis shown in Figure 3. The temperature differ-
ence between the ground surface and the liquid pool may be as
large as 200 K at the early stage of spill and it decreases with
time. It will affect the boiling phenomenon and ultimately the
heat flux rate to the pool, which is different for each of the
boiling regime'®. Thus, it seems to be very important to
include boiling regimes into the source term model.

During the boiling process, the heat flux ¢ from the
ground to the liquid pool is determined by the temperature
difference between the liquid pool boiling point (7},) and
the ground surface temperature (77). Figure 4 shows an
experimental boiling curve of liquid nitrogen''. Generally,
at a low value of the temperature difference, the heat flux
increases with the temperature difference; at a medium
value, the temperature difference represents a negative
effect on the heat flux; while at a high value of the tempera-
ture difference, the heat flux increases with it again. These
three different processes are identified as nucleate boiling,
transition boiling and film boiling respectively'''2.

At the early stage of cryogenic liquid spill, the temp-
erature difference between the liquid pool and the ground
surface is very large, and the boiling at this stage belongs to
film boiling. With the boiling progresses, the ground tem-
perature decreases, and the heat flux at the ground surface

Liguid pool 1
P

y G P\

Ground surface T,
T

T

Ground bottom T,

Figure 3. Boundary conditions at the ground surface: (a) No boiling (Ty = Ty); (b) Boiling (T > Ty)
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Figure 4. Boiling curve of liquid nitrogen"'

also reduces, because temperature difference between the
liquid pool and the ground surface also decreases. At a critical
ground temperature (referred as Leidenfrost point'?), the
boiling will turns into transition boiling. In the transition
stage, the ground temperature continues to decrease; how-
ever, the heat flux at the ground surface begins to increase.
The increased heat flux makes the surface temperature reduce
more quickly. The transition boiling is accelerated and it only
lasts for a short period before the boiling turns into the nucle-
ate boiling. During the nucleate boiling stage, the ground
temperature gradually approach to the liquid boiling point,
and the heat flux continues to decrease with the ground temp-
erature. The nucleate boiling will last for a long period due to
the low heat flux with a small temperature difference.

In this paper, the above described model of the
ground’s “non-ideal” cooling process is studied by the
MATLAB (version 7.10.0) code with the parameters devel-
oped in a Section 3. The developed model is an attempt to
improve analytical solution of the “ideal” conduction and
incorporates different boiling regimes, which governs the
heat flux rate to the cryogenic liquid pool. A Neumann
type of boundary condition is adopted. The experimental
boiling curve is applied to correlate the heat flux with the
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temperature difference between the ground surface and the
liquid pool, which will be substituted into equation (8) to
perform the numerical simulation.

The comparison of numerical solution of the ideal
conduction with developed model, which include boiling
regimes, is shown in Figure 5. The result from the analytical
solution leads to the heat flux at the beginning of the spill is
equal to infinity and during first seconds can be as large as
240 kW - m~ % At the same time, the surface temperature
is immediately equal to the liquid’s boiling point (77 K
for liquid nitrogen). These are represented by dashed lines
in Figure 5. In contrast to these, the ground temperature at the
early stage of spill, when the boiling process is considered,
is far higher than the liquid’s boiling point (solid line in
Figure 5a) whereas the heat flux is much reduced by vapor
film. The reduced heat flux at the initial film boiling stage
may be as small as 24 kW - mfz, which is only one tenth of
that of ideal conduction, and, according to our estimations,
this regime can lasts about 25 min (solid line in Figure 5b).

Following the film boiling regime, the rapid rise of
the heat flux is observed due to the transition from film boil-
ing to nucleate boiling regime, while the ground surface tem-
perature decreases suddenly (at time about 1500 s). The
transition boiling stage only lasts about 30 seconds before
the heat flux reach a maximum value. Then the nucleate
boiling stage begins. The heat flux decrease quickly and the
ground surface temperature continues to decrease and
approach the liquid boiling point (77 K). The result of
nucleate boiling regimes shows it is similar to the ideal sol-
ution and is almost the same at very late stage. However it
must be note that at this stage the ground temperature is
already very low and the spill has to last for a long time.

Figure 6 shows the ground temperature profiles at
different boiling regimes. The ground temperature profile
up to the depth of about 7 cm is much different from the
ideal solution at the duration of 0.25 hr, which represents
the film boiling regime. Whereas, is almost the same for
the nucleate boiling regime (shown in Figure 6 at 1 hr),
when the modeled temperature profile approaches the
ideal conduction case.

C;

Ideal 1D conduction
—— Boiling considered

-

o

o
!

Heat flux (kW/m2)

-
o
1

10 100 1000

Time (s)

1

Figure 5. Evolutions of (a) surface temperature and (b) surface heat flux when boiling process is considered at different mesh

geometries
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Figure 6. Ground temperature profiles for: (a) film boiling (at 0.25 hr of spill duration); and (b) nucleate boiling (at 1 hr)

5. CONCLUSIONS

The semi-infinite conduction problem following the cryo-
genic liquid spill on the ground is studied by numerical simu-
lation in MATLAB. The validation of the numerical solution
of the “ideal” conduction model as well as parameters’ sen-
sitivity and optimization has been performed. Validation has
proved that the numerical solution can be used with the rec-
ommendation of the optimized parameters. Parameters’ sen-
sitivity analysis was performed on computational domain
size, space resolution, mesh geometry, and time resolution.
A set of following simulation parameters is recommended
for the numerical solving of the conduction problem of
the ground below the cryogenic liquid: the domain size
(ground depth) of 0.2 m, the space resolution of 0.2 mm,
and the time resolution of 20 ms. An incremental mesh
with a IF up to 1.20 can greatly decrease the simulation
time with few reduction of accuracy. The ability of this
numerical model to consider complex boiling phenomena
is encouraging as its further development would provide
more accurate description of the source term model of
vapor formation during cryogenic liquid spill.

The heat conduction process from the ground to the
liquid pool, considering the thermal resistance of vapor film
during the boiling process, was performed utilizing the
experimental boiling curve from literature to specify the
boundary condition. Three different boiling stages — film,
transition and nucleate boiling — are identified during the
whole ground cooling process following cryogenic liquid
spill on ground. The heat flux and ground surface tempera-
ture evolution of presented model show big difference from
ideal solution, which will result in lower vaporization rate at
the early stage of the cryogenic liquid spill and much longer
its duration. Future validation of the model with experimen-
tal data for liquid nitrogen, methane or LNG is needed and
will be performed.
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NOMENCLATURE
C, Specific heat capacity at constant pressure
kJ-kg7'-Kh
D. Computational domain size (m)
m A dimensionless parameter defined as T ?
a— 1b
. . alAt
n A dimensionless parameter defined as ——
(Ax)
k  Thermal conductivity of ground (W -m™"- K™
g  Heat flux at the ground surface (W - m™?)
g" Heat flux at the ground surface at a time of # (W - m 2).
Similar as ¢"
T  Temperature (K)
T, Initial ground temperature (K)
Ty  Liquid boiling point (K)
TT  Ground temperature at a distance of x from the ground
surface and a time of 7 (K)
Similar as T, T{, ap Tione Toioae Tioone T;-er’
Tr+At Tr+At
x+Ax T x—Ax*
T Ground temperature at the surface and a time of ¢ (K)
Similar as T 4

t Time (s)

t.  Critical time (s)

X Distance downwards from the ground surface (m)
x.  Critical depth (m)

«  Thermal diffusivity of ground (m”-s™")

p  Density of ground (kg - m ™)

At Time resolution (s)

Ax  Space resolution (m)
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