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Fire exposure of tanks used for the storage and transportation of liquefied gases under pressure may cause complex
heat- and mass-transfer phenomena that may contribute to compromise the integrity of the vessels in accident scenarios.
Heat transfer through vessel lading results in the heat-up of the internal fluid and the increase of vessel internal pres-
sure. However, local temperature gradients in the liquid phase cause liquid stratification phenomena that result in a
more rapid vaporization and pressure build-up in the liquid phase. These fundamental phenomena were analyzed by a
computational fluid dynamic model. The model was specifically focused on the early steps of vessel heat-up, when liquid
stratification plays a relevant role in determining the vessel internal pressure. A two-dimensional transient simulation
was set up using ANSYS FLUENT in order to predict the evolution of the liquid and vapor phases during the tank heat
up. The model was validated against large scale experimental data available for liquefied petroleum gas vessels exposed
to hydrocarbon fires, and was applied to case studies derived from recent accidental events in order to assess the
expected time of pressure build-up in different fire scenarios. © 2014 American Institute of Chemical Engineers AIChE
J, 60: 42924305, 2014
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hazard

Introduction strongly influencing the internal pressure of the vessel, thus
affecting time to failure and time available for successful
accident mitigation.’ =13

Several studies afford the general theme of heat-induced
liquid stratification. Recent publications showed the results
obtained modeling thermal stratification in systems in which
water is used, such as electronics and photovoltaic cooling
equipment, thermosiphon and hydrosiphon heat exchangers,

Transportation of liquefied flammable products (such as
liquefied petroleum gas - LPG, propylene, butadiene, etc.,
but also unstabilized crude oil) has a strategic importance for
the economy of industrialized countries. Nevertheless, road
and rail transportation of such hazardous materials is
affected by severe accidents. Some occurred also recently
in North America (Lac Megantic, Canada,3 and Casselton,

ND* in 2013) and in Europe (Viareggio, Italy™® in 2009), solar-the}‘?llz;l heat absorberg anq passive decay heat removal
raising public concerns on the safety of such activities. systems. ™ Thermal Stra“ﬁcaltéon may also affect nuclear
Past accident data analysis’ shows that about 33% of acci-  reactors water cooling systems ” and cryogenic storage sys-
dents occurred during road or rail LPG transportation tems.'”'® Recent studies showed the potentialities of distrib-
resulted in boiling liquid expanding vapor explosions uted parameters code in simulating liquid hydrogen and
(BLEVEs) and associated fireballs®!"' induced by fire expo- liquefied natural gas stratification and destratification
sure (hot BLEVEs).!“!! The occurrence of a hot BLEVE phenomena.lg_22
and its possible prevention is highly influenced by the inter- Systems containing LPG exposed to heat flows typical of
nal pressure build-up in the vessel exposed to fire, that in industrial fires feature relevant specific aspects due to physi-
turn depends on liquid temperature. In available large-scale cal properties of the substances and to the heat flows

experimental tests, nonuniform temperature distributions applied. To date mostly simplified lumped parameters mod-

were shown to appear, generating liquid stratification and els were developed to assess LPG stratification,'**® that

assume liquid and vapor as homogenous phases. Aydemir

et al.”? showed an example of lumped approach for modeling

Correspondence concerning this article should be addressed to V. Cozzani at the liquid stratification under fire exposure in the code
valerio.cozzani@unibo.it. o q . p X L

PLGS-1.” The lumped approach consisted in dividing the

© 2014 American Institute of Chemical Engineers liquid space of the fired vessel in two major control
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Figure 1. (a) Physical phenomena involved in vessel
heat-up; (b) schematization of thermal
stratification phenomenon (Adapted from
Ref. 35).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

volumes, linked by the evaporation of a stratified interface,
in which the energy balance was solved. Similar lumped
approaches were also shown by Birk®® and Dancer and Sal-
let,’! respectively, for the codes “TANKCAR” and “TAC7,”
in which the lading was subdivided in several zones. A sim-
plified approach to the assessment of stratification was more
recently proposed by Gong et al.?? showing sufficient agree-
ment with small scale experimental results; this model was
also applied in the work of Shi et al.>* Such models are not
able to describe some specific phenomena that occur in tanks
exposed to severe fire conditions, such as liquid-phase ther-
mal expansion during heat exposure.'>*3¢

A specific structured approach to the problem was pro-
posed by Venart and coworkers, which showed integral solu-
tion for equations governing free convection, continuity,
momentum, and energy in vessels exposed to fires. The mod-
eling studies were addressed at evidencing tank diameter
effect on stratification®” and at determining the dynamic evo-
lution of the stratified boundary layer.35 The use of distrib-
uted parameters codes to study the effect of fire exposure in
LPG tanks was recently shown by Bi et al.,>® which used
FLUENT to determine the effect of different fire exposure
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configurations on small scale LPG tanks. Nevertheless, the
detailed assessment of inner fluid behavior in large scale ves-
sels during fire exposure with advanced tools for evaluating
temperature stratification and liquid-phase thermal expansion
during heat exposure is still lacking.

In the present study, a computational fluid dynamic (CFD)
model is developed aimed at simulating the behavior of large
scale LPG tankers exposed to fires. In particular, the CFD
model is developed for horizontal cylindrical vessels fully
engulfed in hydrocarbon pool fires. For this purpose, a two-
dimensional (2-D) simulation is set up on ANSYS FLUENT
code. The code is aimed at solving the conservation equa-
tions in a domain constituted by two continuous phases, for
example, vapor and liquid. A specific user defined function
(UDF) is implemented in the code in order to simulate in
detail the condensation/evaporation phenomenon by evaluat-
ing mass and energy transfer between vapor and liquid. The
CFD simulation is aimed at determining internal fluid tem-
peratures and pressure, also evidencing in detail liquid strati-
fication and thermal expansion phenomena.

The model predictions were compared and validated using
available real scale experimental data.*® The model was
applied to case-studies derived from past accident data, in
order to show the role of temperature distribution and liquid
stratification in determining the pressure build-up and the
time to failure of vessels exposed to fire.

Model
Theoretical background

Figure la summarizes the interacting processes which
affect pressurized vessels storing liquefied gases during a fire
attack. Although a section of a horizontal cylindrical vessel
is shown in the figure, the fundamental phenomena involved
are present in any type of vessel and geometry of industrial
relevance.

A pressurized vessel exposed to fire receives heat due to
radiation and convection. The heat load received is trans-
ferred by conduction through the vessel wall into the lad-
ing, causing the rise of vapor and liquid temperature and
pressure. Natural convection governs the heat transfer from
the vessel wall to the bulk of liquid and vapor phases. Ini-
tially, liquid—vapor equilibrium and a uniform temperature
may be assumed. The heat transfer from the steel wall to
the lading fluid causes the increase of the temperature of
the fluid in contact with the portion of the vessels exposed
to the fire. Significant heat dissipation occurs in the liquid
with respect to the vapor due to the higher thermal conduc-
tivity. This, in turn, causes an upward flow of the hot liquid
in the boundary layer in contact with the hot wall, and a
downward flow in the central region of the liquid. The
main effect of this gravity-driven recirculating flow is the
formation of a vertical temperature gradient inside the tank:
the liquid becomes thermally stratified. This phenomenon
was extensively investigated in the past, through experi-
ments'>?® and theoretical studies.?*=>37*® Figure 1b sche-
matizes the liquid phase stratification during the heat-up
process.

As the liquid near the top of the tank will be at a higher
temperature than the liquid downward, the vapor/liquid inter-
face is formed by the warmest liquid layer of the stratified
liquid zone. At the vapor/liquid interface, equilibrium condi-
tions are satisfied, so the vapor at the interface is saturated
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study: (a) overview; (b) detail of a portion of
the domain close to the vessel wall.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

at the temperature reached by the warmest liquid layer: the
pressure in the tank, which is a critical parameter for the
vessel resistance prediction, is therefore controlled by the
warmest liquid.'*?**® To quantify the influence of thermal
stratification on the vessel internal pressure, the dimension-
less parameter I1 is adopted™®

IM=P/P°(T1 ) (1)

where P is the vessel internal pressure at a given fire expo-
sure time and P° is the saturation pressure calculated at the
average liquid temperature (T ,,).

Quite clearly, the higher II, the higher the stratification
effect on the internal tank pressure. Thus, in a thermally
stratified liquid phase any critical pressure value, as the pres-
sure relief valve (PRV) opening pressure is reached after a
shorter time lapse than in a homogeneous liquid phase. Once
generated, the thermal stratification continues affecting the
stored liquid until other processes may take place, such as
the PRV opening, that induces the mixing of the liquid phase
dissipating the temperature gradients. Hence, stratification is
a stable phenomenon that becomes more and more evident
with time since the start of the fire exposure of the vessel.
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Model development and implementation in a CFD code

To simulate the behavior of the internal fluid in vessels
engulfed by fires, accounting for the phenomena previously
outlined, a 2-D computational fluid dynamic (CFD) model
was developed, aimed at solving the conservation equations
in a domain representative of a horizontal cylindrical vessel
section (see Figure 1). The domain is constituted by two
continuous phases, for example, vapor and liquid. Several
LPG commercial mixtures having different composition but
similar overall properties are of industrial interest. In the
present study, for the seek of simplicity, the properties of
pure propane were assumed for calculations.

The following governing equations were implemented to
evaluate the transient response of the pressurized vessel fully
engulfed in fire

ap

o +V - (pu)=0, continuity equation )

gt(pe)+v- [u(pe+P)|=E,, energy equation 3)

%(pu)%—v - (puu)=F,, momentum equation 4
where p is the density, u is the velocity, P is the pressure,
(pe) is the total energy per unit volume, E, contains the
conduction term contribution to energy balance and the
external energy source term, and F,, contains those parts
of the stress term not explicitly shown due to external
volumetric forces and gravity. Considering the tempera-
tures that can be reached by the storage vessel wall while
engulfed in fire, radiation between the steel wall was con-
sidered, assuming the stored fluid as a nonabsorbing
media

al,

3 =0, radiative heat transfer equation (@)
s

where [, is the incident radiation intensity on a single ray, s.

The governing equations were implemented in ANSYS
FLUENT* V14.5 (FLUENT in the following) and solved
for each control volume resulting from the spatial discretiza-
tion of the physical domain. The ANSYS ICEM CFD soft-
ware allows the construction of a structured mesh, and the
use of its blocking tool enables refining the number of ele-
ments in the boundary layer near the vessel wall. The cells
are topologically rectangular, thus cell volume is quadrilat-
eral in 2-D domain. Figure 2 shows the overview (panel a)
and a detail (panel b) of the mesh built for the present study,
featuring 16,656 cells. A finer mesh (32,332 cells) is also
built to verify that grid-independent predictions are obtained
applying the mesh reported in Figure 2.

Governing Equations. Table 1 summarizes the main gov-
erning equations in transient turbulent regime solved for
each control volume.

An Euler—Euler approach®* was applied. The Eulerian
method considers each different phase as an interpenetrating
continuum: the volume of a phase cannot be occupied by the
other phases. The CFD model accounts for transients track-
ing of temperature and pressure of vapor/liquid interface,
then focuses on the transient thermal effects on the bulk
stored fluid, evaluating temperature, and velocity associated
to buoyancy driven flow.
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Table 1. Governing Equations in Transient Turbulent Regime Implemented in the CFD Model

ID Equation Parameters Definition
A ﬁ [% (owp)+V - (ochLuL)=MCL+MEL] pv: liquid density; #: time; oy : liquid volume fraction; wuy :
) liquid velocity; Mcy: condensation liquid-phase source term
(see Eq. 12a); Mg : evaporation liquid-phase source term (see
Eq. 13a).
B 9 (pe)+V - [u(pe+P)]=V - (ketr VT)+Sg+Sc p: two-phase volume fraction averaged density (see Eq. F);
e: two-phase averaged specific energy; u: average velocity
(see Eq. F); P: pressure; k. effective thermal conductivity
(see Eq. H); Sg: evaporation two-phase averaged source term
(see Eq. 14a); Sc: condensation two-phase averaged source
b term (see Eq. 14b).
ST+ V- plara)ura)=
C 7V(P) (p '0” g+Vv- { u+u +V(u+u) ] u: time averaged two-phase velocity; u: time fluctuating

- %V . {(quu)I] }JrF

D 2 (pK)+V - (pK)=V - [(u+ COVK]+ 11— pe+Sk

E 8 (pe)+V - (pet)=V - [(ut 4) Ve +Cro f 1= Caup i +5.
F (=onlo+(1—o)ly

G SR TEE N

H ket =k+ g

I l‘T:%

two-phase velocity; u: two-phase averaged viscosity (see Eqg.
F); p,: reference density; g: gravity acceleration; I: identity
tensor; F: external volumetric forces term.

K: turbulence kinetic energy; pr: two-phase averaged turbu-
lence viscosity (see Eq. F); ox = 1.00 turbulence standard K-¢
model constant*'; y,: production and destructions terms for
turbulence kinetic energy*'; &: turbulence dissipation rate;

Sk =0, turbulence kinetic energy source term.

o, =1.30, C;, = 1.44; C,, = 1.92; are the turbulence standard
K-¢ model constants*'; 7,: production and destruction rate for
turbulence dissipation rate‘”; S. =0, turbulence dissipation rate
source term.

Two-phase volume fraction averaged property { function of
liquid and vapor properties ({;. and (v, respectively, where (
can be substituted by density p, dynamic viscosity p, turbulent
viscosity [, thermal conductivity &, velocity u).

Two-phase mass averaged property ¢ function of liquid and
vapor properties (& and &y, respectively, where ¢ can be sub-
stituted by: temperature 7, energy per unit mass e, heat
capacity ¢,)

k = two-phase volume fraction averaged thermal conductivity
(see Eq. F); ¢,: two-phase volume fraction averaged heat
capacity (see Eq. G); Pry=0.85, turbulent Prantl number
assumed as constant.*!

C, = 0.09 turbulence standard K& model constant.*’

A critical issue in the implementation of the main govern-
ing equation is associated to Eq. 2 (continuity equation). In
fact, in the present case, the vapor/liquid interface rises due
to liquid vaporization, but the Eulerian calculation assumes a
constant value of interface level. Therefore, the Eulerian vol-
ume of fluid method* (VOF) was introduced, based on the
assumption that in each control volume the phases consid-
ered are characterized by a volume fraction that is assumed
to be a continuous function of space and time. Therefore,
given the liquid and vapor volume fractions, respectively, o
and oy, the following condition must be verified among the
entire calculation domain

Z (O(L'f‘o(\/) =1 (6)

domain

In the present study, in which a two-phase system is con-
sidered, the VOF assumption allows solving the continuity
equation only for one phase, for example, only in terms of
or. as reported in Table 1 (see Eq. A). After the evaluation
of oy, the vapor fraction oy in each control volume is
obtained by applying Eq. 6.

Energy equation is solved throughout the computational
domain. At the interface, liquid and vapor are in equilibrium,
hence at the same temperature (see Table 1). Actually, the
VOF model treats the temperature and the total energy as mass
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averaged variables, while all the other fluid properties at the
interface are computed as volume-fraction averaged variables.

In analogy with the case of energy equation, a single set
of momentum equations is solved throughout the computa-
tional domain. Previous studies demonstrated that natural
convection boundary layer in enclosures turns from laminar
to turbulent regime faster than natural convection boundary
layer for vertical semi-infinite walls.** As a matter of fact, in
several works dealing with modeling studies of vessels
exposed to external heat sources, turbulent natural conven-
tion flow was predicted.15 Therefore, a turbulence model was
used since the start of the CFD simulation. In particular, the
equation of motion was solved with the standard turbulence
kinetic and turbulence dissipation rate model (Standard
K-£).** This well-known approach was adopted by several
researchers and details are extensively discussed elsewhere.*

The VOF model obtains the motion of interface indirectly
by determining the motion of all the two phases. In a 2-D
domain, the interface is considered to be a piecewise contin-
uous line.*® To represent the interface, the mathematical
piecewise polynomial approach provided by the geometric
reconstruction interpolation scheme*® is used.

Finally, radiative heat transfer among the liquid phase is
neglected, following the approach of several previous stud-
ies?*3373 which identify natural convection and nucleate

DOI 10.1002/aic 4295



Table 2. Correlations Adopted in the Present Study for the Evaluation of Propane Physical Properties

Item Units Correlation Notes
Liquid density (pr) kgm ™’ pL=—24.063+4.9636T—0.01097%; T in K (A)
Vapor density (py) kg m ? See Table 3

Liquid heat capacity (c,r) Tkg 'K™! €L =36309—230.2T+0.39417%; T in K (A)
Vapor heat capacity (c,v) J kg7l K! c‘,,v=168‘03+5.6056T—0.0014T2; T in K (B)
Liquid thermal conductivity (k) Wm'K™! kL =0.26755—6.60X107*T+2.77x107'T%; T in K (A)
Vapor thermal conductivity (kv) Wm ' K! ky=—0.0088+6.00X1073T+1.00x107'T?; T in K (A)
Liquid dynamic viscosity (i) Pa s w,=709137773%6, T in K (A)
Vapor dynamic viscosity (i) Pas 1y =4.9054X 10787090125, T jn K (A)
Saturation temperature (7°) K T°=253.76+5.0x10°P—6.0X10""2P2; P in Pa (A)
Saturation heat of vaporization (1°) J kg*l A°=403262+0.0682P; P in Pa (A)

(A) Interpolation of data reported by Liley et al.>*
(B) Interpolation of data reported by Townsend et al.*

boiling as the more important mechanisms of heat transfer in
the liquid space. The radiation in the top vapor space is
instead considered introducing the S2S (surface to surface
radiation) model assuming the vapor as a nonparticipating
medium. More details on the S2S model are reported
elsewhere.*”48

Condensation/Evaporation Subroutine. To simulate in
detail the condensation/evaporation phenomenon, which is
critical for the assessment of the present two-phase system, a
specific UDF was developed in C++ code, interpreted by
the CFD software and implemented for the simulations. The
UDF calculates the mass transfer and the related energy
transfer due to evaporation—condensation process using the
Hertz—Knudsen equation49

[}
oty ML) o
2R\ VTy VT

where Ty and Ty are the vapor and liquid temperatures, fc
is the accommodation condensation coefficient, representing
the ratio between the experimentally observed condensation
velocity and the maximal theoretical condensation velocity.
The same definition is extended to the evaporation accom-
modation coefficient, ff. Under saturation conditions, satu-
rated pressure and temperature are linked by Clausius—
Clapeyron equation™

1 1
T(Pv PL)

Substitution of Eq. 8 in Eq. 7 results in

(P—P*)=- (r-1°) ®)

M. 2 (1e-T)
I=he\| gy (L-1L) 71° ®

oo

Once J is obtained, the mass sources connected to the con-
densation or evaporation process implemented in the continu-
ity equation (see Eq. A, Table 1) are evaluated estimating the
volumetric interfacial surface area (a; and ay for liquid and
vapor phases), which can be expressed as a function of the
mean Sauter diameter’’ (Dy5) and the volume fraction (¢) of
the phase under consideration, assuming spherical bubbles

6aL 6dv
—ay=—
Dys’"" Dus

ap, =

10)

Hence, the mass source terms due to condensation and
evaporation, respectively, Xcp and Xgy are expressed com-
bining Egs. 9 and 10

6 M, p | (T°—T)
XCL: ﬁ ° Pvov o
L *Dys V 2nRT (pL_pV)_ v T (11a)

(1°-T)
TO

6 M, pyi | (1T°-T)
Xev= |8 ——
= _ﬁeDMS 27RT* (pL—pv) LA e

( | | (11b)
T°=T
To

=B cpvov

=B epLow

The terms ﬂ/c and ﬁ/E are the mass-transfer time relaxa-
tion parameters and represent the rate of condensation and
evaporation. According to the work of Wu et al.,>® the

Table 3. Equation of State for Propane Implemented in the CFD Model®”

Item Units Equation/Value
Vapor density (pv) g cm 3 v =M, 10° v, !
Peng—Robinson equation of state (v,, evaluation) cm?® mol ™! pP= RTh — %
Vi = V2 +2bvy, —
Universal gas constant (R) cm® bar mol ' K™! 8.314413
First Peng—Robinson equation coefficient (apg) - ap= 0.45724R2T2
P,

Second Peng—Robinson equation coefficient (bpg)

Peng—Robinson parameter (/)

Molar mass (M,,)*
Critical temperature (T,)*
Critical pressure (P.)"
Acentric factor (w)*

X
0.07780RT.
bpr=—%—+

Y= { 1+(0.37464+1.54226w

T 2
—0.26992¢0%) [ 1— —
0.2699 w){ (Tc):|}
44.10

g mol ! .
K 369.9
bar 42.051

- 0.152

“Propane physical properties implemented in Peng—Robison equation are derived from Liley et al.”*
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Table 4. Parameters Adopted in the CFD Model Set Up for
the Validation

Item Selected Parameter/Value

Primary phase
Patched variable

Vapor phase
Liquid phase
volume fraction

Under-relaxation factors 0.30; 1.00
Convergence criteria 10°°
Time step (s) 0.03

value of these parameters may be set equal to 0.1. Consid-
ering that the condensation process decreases the amount
of the vapor phase while the evaporation process increases
it, and considering positive an incoming mass-transfer
rate, the mass source terms expressions in the UDF (see
Table 1) are:

1. for condensation, occurring at T, <7

(T,—T°)
McL=0.1pyoy| ———|,
CL pvov To (122)
source term increasing liquid phase mass
(1,-T°)
Mcy=—McL=-0.1
cv CL Pyvov To s (12b)
source term decreasing vapor phase mass
2. for evaporation, occurring at T > T°
(TL—T°)
MgpL=—0.1p o | ——|,
EL LA T (13a)
source term decreasing liquid phase mass
(TL—T°)
Mgy=—MgL=0.1p o | ——|,
EV EL pLoL To (13b)

source term increasing vapor phase mass

Therefore, implementing Eqs. 12 and 13 in the continuity
equation allows quantifying the correct interphase mass
source term for both the liquid and vapor phase. For what
concern the energy balance and the estimation of the heat
transfer during the evaporation or condensation process,
only one expression is required (see Eq. B Table 1), in

which the energy source terms related to evaporation (Sg)
and condensation (Sc) are expressed as follows

Sg=A"MgL, energy source term associated to the (14a)
a
evaporation in the control volume

Sc=2°Mcy, energy source term associated to the (14b)
condensation in the control volume

In the present UDF, both the saturation temperature and
the latent heat of vaporization are a function of the pressure
of the domain, which changes with time. It is also worth to
mention that the UDF is specifically aimed at the calculation
of mass and energy transfer between vapor and liquid due to
evaporation—condensation process. The UDF does not
assume any momentum exchange between the two phases:
source terms contribution to momentum, turbulence kinetic
energy, and turbulence dissipation rate are set equal to zero
(see Table 1).

Equation of State and Physical Properties Implemented in
the Simulations. As stated above, the LPG stored in the
vessels exposed to the fire is assumed as pure propane,
neglecting the presence of heavier components, such as
butane, according to the typical US and Canada composi-
tion.">® The physical properties of the liquid and the vapor
propane were implemented as a function of temperature (see
Table 2).

To improve FLUENT computational performance, simpli-
fied correlations were built as polynomial functions, interpo-
lating available thermodynamic data (see Table 2) for all the
liquid and vapor relevant properties except for the dynamic
viscosity. For this parameter, the dependence on temperature
was modeled using a power law. The vapor density was
solved using the Peng—Robinson Equation of State,”® imple-
mented in the FLUENT software® (see Table 3).

Turbulence models. 1In the present numerical simulations,
a two-equation model is chosen for Reynolds Stresses: the
Standard K-¢ turbulence model. This well-known approach
was adopted by several researchers and details are exten-
sively discussed elsewhere.*!#>3

The numerical model takes also into account the presence
of the steel solid wall of the vessels and its influence on the
fluid flow. Close to the wall, the flow is induced by viscous
effects and does not depend on free stream parameters: it
only depends on the orthogonal distance from the wall. The
FLUENT tool used to model the near wall region is the wall
function approach. The use of wall functions obviates the

Thermoc!
a) b) 076m o7em |Tomocouple
A - -
L ‘1 S Vapor
i‘ o i 3
i . :
re=o:g ERrwe-cl .
>
O =" D=3.02m; L=18.41m; t,=1.59cm
) Liquid AA
-------- Thermocouples grid ~ --------.- Pressure and level gauges g =

Grid3 Grid1 Grid2

Figure 3. (a) Overview of the tanker used in the validation experiment; (b) location of thermocouples. Adapted from

Ref. 39.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 5. Boundary and Initial Conditions Implemented in

the FLUENT Simulations

Selected Parameter/value

Validation Study Case

Item and Case Study A Study B
Initial Temperature 294.15 K 294.15 K
Initial Pressure 0.963 MPa 0.963 MPa
Fire condition for the 45,196 W/m? 100,000 W/m?

wall in contact

with the liquid®
Fire condition for the 1144.15 K 1144.15 K

wall in contact
with the vapor®

“Constant heat flux is imposed on the vessel wall in contact with the liquid;
radiative heat source at constant temperature is applied on the vessel wall in
contact with the vapor.

need to modify the turbulence models to account for the
presence of the wall. More details on the use of wall func-
tion approach and accurateness of the method are discussed
elsewhere.*!

Set Up of CFD Simulations in FLUENT. As previously
outlined, the multiphase VOF method is used in the FLU-
ENT simulations. Therefore, the available numerical techni-
ques and solution tools were selected to promote the stability
of the overall solution process. The main parameters for the
CFD simulations set-up are summarized in Table 4.

SIMPLE transient pressure-velocity coupling algorithm was
applied, and body force weighted pressure spatial discretization
scheme was used, while all the other fluid physical properties
were spatially discretized using a first-order discretization
scheme. Time discretization was achieved with first-order Euler
implicit method. All the numerical simulations were performed
on a DELL-OPTIPLEX 9010 PC, with INTEL® CORE™ i7-
3370, CPU @3.40 GHz, 16 GB RAM, and 64 bit operating
system type. Parallel calculation was performed with four
cores, requiring 200 MB memory in order to obtain a computa-
tional time of about 20 min to simulate 1 s real time.

Model Validation and Case-Studies
Experimental data available for model validation

The experimental data obtained in the large scale bonfire
test performed by Townsend et al.* are taken as a reference
data source for model validation. In the test considered, a
propane tank car was exposed to a complete engulfment in a
hydrocarbon pool fire. The tank car complied with the DOT
112A340W specification,”® according to the US regulation
for the transportation of liquefied pressurized gases (such as
LPG, anhydrous ammonia, and vinyl chloride) and had a
nominal capacity of 125 m’. Figure 3a shows a sketch of the
tank car tested. A PRV, with an opening pressure set to
1.816 MPa, was installed to protect the tanker, which was
not provided with thermal insulation. The tested tank was
almost full of liquid at the beginning of the test (96% by
volume). At the beginning of the test, all the vessel and
internal fluids were at ambient temperature.

Several parameters were measured during the tests. Figure
3b shows the grid of Chromel Alumel Thermocouples (preci-
sion =2.2°C) positioned inside the tank to monitor the inter-
nal fluid and the lading temperature. In particular, the
thermocouples where positioned on three vertical lines
(namely, Gridl, Grid2, and Grid3, see Figure 3b). Six pres-
sure gauges were installed inside the tank to monitor the ves-
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sel pressure data. Gauges were also used to monitor the liquid
level as a function of time. No specification is reported by
Townsend et al.> about the precision of these instruments.

A radiometer (range 0-1255 KW/m?, accuracy 1%) was
used to monitor the external radiative heat flux. Ten external
Chromel Alumel thermocouples (precision *2.2°C) were
installed to measure the fire temperature.

312 2
7
& L a)
'3 ’
O d
308 - W o
— &' , '
x N4 &
@ x ’l e
5 "2 ‘ ‘&
5 304 - "
i 5 4 L4
[ o ,". v ‘0\'
-3 . rd )
g rd dﬂw’ L] ﬁ/ ,\
= 300 7, /
3 o, W
k] D, A s
B 4 i B
g 296 ..// P 7 oGrid 1
] Py 0// OGrid 2
i 7 AGrid 3
292 - ‘
292 296 300 304 308 312

Experimental temperature (K)

7/
4 .
o s e
& Y
18 NS
= e.\@/// '/
o
o W o
£ 16 - P A
@ /0 L N
=- T n\u‘e
= [ ] ’ A+]
" ’ . b é
ﬂ 1.4 ///,/
= 3 rad
° 7 z,/
& 12 Loy
< P
B 2.0
2 W
& 40 Lt
P
a4
/,/’/
re
08 - ; : : : ; |
0.8 1.0 1.2 1.4 1.6 1.8 20
Experimental pressure (MPa)
0.98 -
F ) c
7/ P
¥ 4 ’
$ 7 i
b‘tn/ ,r’
—_ o v )
£ o, a
= ] . 4
E 0.97 P o e o
2 // - //
2 4 ’
= e - 7
s - L 7
s e . - //r.»‘
L4
£ 0% e ,/@\G
— ’
f: o R
4 P
o 2 7’
. Ve
.
7/
l” /
0.95 < !
0.95 0.96 0.97 0.98

Experimental filling level

Figure 4. Results of model validation. Parity plots for:
(a) experimental and predicted temperatures
(K); (b) pressure in MPa; (c) liquid level,
expressed in terms volumetric fraction.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 6. Comparison between Experimental and Predicted Temperatures for the Validation Case: Average Absolute (17,ps)"
and Relative Error (1,.)* for Different Simulated Fire Exposure Times for each Thermocouple Grid

Grid 1 Grid 2 Grid 3
Time (S) MNabs (K) Mrel (%) Mabs (K) Mrel (%) Mabs (K) Mrel (%)
52 1.9 0.65 2.0 0.68 1.7 0.59
70 0.3 0.11 1.6 0.53 1.7 0.57
95 0.3 0.11 1.0 0.34 0.7 0.23
113 0.1 0.05 0.4 0.14 0.3 0.11

On the basis of the experimental parameters measured dur-
ing the tests, it was possible to assume the initial and bound-
ary conditions summarized in Table 5 for CFD simulation.
The boundary conditions are aimed at simulating a uniform
full engulfment on the external tank surface. A constant heat
flux is imposed on the wall in contact with the liquid, based
on an average value obtained by the analysis of radiative heat
flux measurement during the first 132 s of the fire test. A radi-
ative heat source at constant temperature, obtained as the
average value of fire temperature measured during the test, is
applied on the vessel wall in contact with the vapor.

Case-studies selected for model application

To assess its potentialities, the model was applied to some
case-studies of industrial interest. In all the case-studies ana-
lyzed, the same tank geometry and the same geometrical fea-
tures of the tank used for the large scale bonfire test performed
by Townsend et al.* and summarized in Figure 3 were used.
A sensitivity analysis on the boundary and operative conditions
was carried out by analyzing two reference case-studies:

o Case-study “a”: same input heat flows of the validation
case (VC), but lower liquid filling level (set to 50%) in
order to show the effect of the liquid hold up reduction
on the thermal stratification;

e Case-study “b”: higher thermal heat flows, to reproduce
a fully developed fire (100 kW/m?) and a more severe
fire attack with the same liquid filling level of the VC.

Table 5 summarizes the boundary conditions imposed for
the two case studies. In both cases, uniform fire engulfment
was considered.

Results and Discussion
Model results for the validation case (VC)

The results obtained for the VC are shown in Figure 4.

The figure reports three parity plots in which the model
predictions are compared with the experimental results
obtained by Townsend et al.** Figure 4a shows the tempera-

= Timod = Texp> Mrel = 100 X (Thnoa — Texp)/Texp Where Toq and Tey, are, respectively, the model and experimental temperatures.

ture data. The comparison was possible only before the open-
ing of the PRV, thus only few measurements are available for
the three thermocouples grids shown in Figure 3. The CFD
results are in good agreement with the experimental data, thus
allowing an accurate prediction of the liquid stratification pro-
cess associated to the vessel heat up and schematized in Fig-
ure 1. Figure 4a also reports two buffer lines delimitating the
zone in which the relative error between predicted and meas-
ured values ranges between —1 and +1%. Only few CFD
results fall outside this area, mainly at lower temperatures. To
better characterize the quality of model predictions, an error
analysis is reported in Table 6. For each data acquisition time,
Table 6 shows the average absolute and relative error of the
CFD model predictions for each temperature grid. As shown
in the table, the model allows for an accurate prediction of
the inner fluid temperature.

The same type of comparison is shown in Figure 4b for
pressure predictions, while Table 7 shows the analysis of
model errors. In this case, some discrepancies are found
between model values and experimental data, with an aver-
age absolute error of 0.07 MPa and an average relative error
equal to 6.75%. The model overestimation of the internal
pressure may be related to the assumption of equilibrium
conditions at the vapor/liquid interface. In the CFD model,
the vapor at the interface is supposed to always have a tem-
perature equal to that of the hotter liquid layer, neglecting
the effects of thermal inertia, which causes a delay in the
vapor heat up and, thus, in the pressure increase, not
accounted in CFD model predictions. As a matter of fact, as
shown in Figure 4b, when heat transfer into the vapor is
more efficient, thus when vapor heats up after a prolonged
fire exposure, more accurate predictions are obtained for
pressure, thus allowing a precise estimation of the PRV
opening time, that is a key issue for the assessment of pres-
surized vessels resistance to fire exposure.”**372% Actually,
in the CFD simulation, the PRV opens after 132.6 s from
fire start, whereas in the experimental test, the PRV opened
after 132.0 s.

Table 7. Comparison between Experimental and Predicted Pressure and Filling Level for the Validation Case: Absolute (17,p,)*
and Relative Error (1..)* for Different Simulated Fire Exposure Times

Pressure Prediction

Filling Level Prediction

Time (S) Nabs (MPa) Nrel (%> Time (S) Nabs (') Nrel (%>

30 0.251 23.5 29.36 0.0007 0.07

60 0.164 12.5 61.96 0.0043 0.45

90 0.042 2.8 89.91 0.0035 0.36

120 —0.091 —=5.1 117.84 0.0053 0.55

132 0 0.0 122.49 0.0046 0.48
Mabs = Emod — Eexps Mret = 100 X (Epoa = Eexp)/Eexp Where Enoq and E,,, are, respectively, the model and experimental parameters (pressure or filling
level).
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Table 8. Quantification of the Discrepancies between ‘“Fine”

(32,332 Cells) and ““Coarse” Mesh (16,656 Cells, Adopted in

the Present Study): Average Relative Error (17.)® for Differ-
ent Predicted Quantities

Predicted Quantity Average Relative Error® (%)

Temperature grid 1 0.072
Temperature grid 2 0.105
Temperature grid 3 0.059
Pressure 0.774
Filling level 0.147

Mt = 100 X (B, — Epy)/Ep, where E, and Ey, are, respectively, the quanti-
ties predicted with “fine” and “coarse” mesh.

Figure 4c shows the comparison between the predicted
and measured volumetric filling level. Table 7 reports the
relative error calculated for model predictions with respect
to experimental data. As evident from the table, relative
error is always lower than 1%, with an average absolute
error of 0.004 in the value of the volumetric fraction. As evi-
dent from Figure 4c, the thermal expansion occurring in the
liquid phase is slightly overestimated by the model, without
affecting internal pressure predictions.

To verify the quality of the grid adopted in the present
study, Table 8 reports the discrepancies of the results
obtained with the mesh depicted in Figure 2 (16,656 cells)
respect to the ones obtained with the finer mesh (32,332
cells). In particular, the relative average error in temperature,
pressure, and filling level prediction is shown, demonstrating
a limited variation of the results and thus the adequacy of
the coarser mesh.

It may be concluded that overall a rather good agreement
was found between the CFD model predictions and the
results of the large-scale bonfire test considered.

Results of case-studies

The sensitivity of the CFD model to some critical parame-
ters was tested by the application to case-studies. Figure 5
shows the results obtained in the analysis of case-study “a,”
where a lower filling level (50%) was considered.

Figure 5a shows the liquid temperature distribution at the
beginning of the fire exposure. For the sake of clarity, the
temperature of the vapor phase is not reported, in order to
show the boundary of vapor/liquid interface evolution. As
expected, the liquid stratification only occurs in layer that is
about 20 cm thick, in the proximity of the vapor/liquid inter-
face, with temperatures ranging between 305 and 326 K.
This corresponds to a temperature gradient of about 105 K/
m along the vessel vertical axis. The map also shows the
thermal boundary layer that is formed near to the vessel wall
exposed to fire, which results in the liquid recirculation to
the hot upper layer. This is confirmed by the analysis of the
axial velocity profile shown in Figure 5b, in accordance with
the schematization reported in Figure 1b. In fact, while the
liquid in contact with the wall reaches the upper hot layer,
the cooler liquid moves downward, accumulating in the
cooler bulk zone, in which the temperature ranges between
300 and 307 K. Thus, an extremely lower temperature gradi-
ent is present with respect to the upper part of the tank
(about 5 K/m along the vessel vertical axis). However, at the
bottom of the vessel, an unstable zone appears due to fire
exposure. Hence, the liquid is forced to recirculate by natural
convection. This phenomenon leads to a rapid liquid heat up.
As shown in Figure Sc after 450 s of fire exposure, a homog-
enous temperature distribution is present all over the liquid
phase (overall temperature gradient is as low as 10 K/m
along the vessel vertical axis). Due to the lower temperature
and density difference, liquid velocity drastically decreases
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Figure 5. CFD results for case-study “a”: temperature profile (K) at 150 s (a) and 450 s (c); axial velocity profile (in

m/s) at 150 s (b) and 450 s (d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. CFD results for case-study “b”: temperature profile (K) at 30 s (a) and 60 s (c); axial velocity profile (in m/

s) at 30 s (b) and 60 s (d).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the bulk (see Figure 5d), while the recirculation occurs
only close to the vessel wall.

Figure 6 shows the results obtained for case study “b,”
where more severe fire conditions, resulting in a higher heat
flow, are considered.

The liquid stratification appears in a smaller portion of the
liquid with respect to case study “a.” In fact, after 30 s of
fire exposure (see Figure 6a), the hot layer close to the
vapor/liquid interface is about 6 cm thick, with temperature
ranging between 326 and 308 K, while more than half of the
liquid in the vessel is almost at its initial temperature
(between 294 and 296 K). The upper part of the vessel is
characterized by the formation of the same type of recircula-
tion phenomena obtained in case study “a,” but with higher
velocities (about two times those of the previous case, as
shown in Figure 6b). After 60 s of fire exposure, a pro-
nounced stratification is still present in the liquid. The thick-
ness of the hot upper layer is increased (about 35 cm), and
significant recirculation velocities are predicted (see Figure
6d). Case study “b” demonstrates that the pressure build-up
in the vessel is strongly affected by the formation of a ther-
mally stratified liquid layer. In this case, due the higher heat
load, this phenomenon is more rapid, leading to a faster
pressure increase and the consequent PRV opening after
only 65 s since fire start: less than half of the time required
in case-study “a,” in which less severe fire conditions were
considered.

Discussion

The results obtained show the importance of the dynamic
liquid temperature profiles in a vessel exposed to fire and
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their influence on the internal pressure build-up. To highlight
this issue, the stratification index, I, defined in Eq. 1, was
evaluated postprocessing the CFD results. Figure 7 shows
the comparison among II, internal pressure (P), and average
liquid temperature (77 ,,) calculated, respectively, for the
VC (Figure 7a), case study “a” (Figure 7b), and case study
“b” (Figure 7c).

As shown in Figure 7, the dynamic pressure behavior is
characterized by a nonregular growth, with significant
changes in the slope of the pressure curves. This is due to
the transient effect associated to the different thermal inertia
of liquid and vapor phases. In fact, the liquid at the interface
needs time to heat up and to reach saturation conditions,
thus delaying the pressure growth inside the vessel.

Reducing the volumetric liquid filling level from 96 to
50%, a significant difference in the stratification behavior
is predicted. If the first 65 s of simulation are considered,
in which all the three cases can be compared, the average
liquid temperature, T ,y, is similar in all the three cases
considered (i.e., about 297 K after 65 s) due to the lim-
ited heat-up. However, while for high filling levels, the II
index features a rapid growth in time with similar rates
(i.e., 7.06 X 1073 and 9.88 X 1073 s respectively, for
VC and case study “b,” as shown in Figures 7a, c), for
the lower filling level considered in case-study “a” a
smaller rate is obtained (1.58 X 1072 s~ ' as shown in
Figure 7a, about five times slower with respect to the
previous cases). Hence, in the latter case stratification is
less pronounced and the liquid is more homogenous due
to the lower “thermal inertia” of the system, characterized
by a lower liquid hold up with respect to the previous
cases.
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Figure 7. Average liquid temperature (T_,,), pressure
(P), and dynamic stratification index (IT) for:
(a) validation case; (b) case-study “a”; (c)
case-study “b.”

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

s

In case study “a,” a gradual and slower vessel pressur-
ization is obtained. Thus, predicted PRV opening time
(476 s) is much higher than in the other cases considered:
132 s in the VC, where the same heat load is considered,
and 65 s in case study “b,” where a higher heat load is
assumed.
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Therefore, for higher liquid filling levels, the stratification
has a more relevant effect on internal pressure increase. The
results show that for high liquid hold-up values, the internal
pressure is related to the temperature of the upper warm lig-
uid layer rather than to the average bulk temperature. In case
study “b,” this effect is more pronounced, as the fire heat
load is doubled with respect to the VC. On the contrary,
reducing the liquid hold up allows for a lower liquid stratifi-
cation and thus the pressure growth is mostly influenced by
the average liquid temperature. This is in accordance with
experimental findings obtained in small scale bonfire
tests.”’ 7

It should be remarked that in case study “a” the delayed
pressurization allows a longer duration of the simulation
with respect to the previous cases. In the final part of the
simulation, IT decreases to a constant plateau (see Figure
7a), while the average liquid temperature increases to 323 K.
This indicates that in the latter case, the stratification only
occurs during the initial heat-up, while a more homogenous
medium is obtained after a prolonged fire exposure.

The top space volume also influences the internal pressure
growth, due to liquid thermal expansion, which, on turn, is
associated to liquid temperature increase. To investigate this
issue, Figure 8 reports the comparison between the predicted
liquid level transient due to liquid thermal expansion until
the PRV opening time calculated for the VC and for case-
studies “a” and “b.”

The transient effects that were found in the pressure build
up in the vessel (see Figure 7) also affect the temperature
rise in the liquid and, thus, the thermal expansion behavior,
which features a nonregular growth. As clearly shown in the
figure, liquid thermal expansion is more pronounced in case
study “a.” Nevertheless, this has a limited influence on the
internal pressure, as the vapor space is half of the total ves-
sel volume. On the contrary, even if the thermal expansion
is lower for the VC and case study “b,” a more relevant
effect is found on vessel internal pressure, due to the higher
influence of liquid thermal expansion on the reduction of the
top vapor space. Actually, top vapor space is reduced with
respect to the initial value by 40 and 42%, respectively,
in the VC and case study “b,” while in case study “a” only
by 11%.

Finally, it is worth mentioning that the simulations
allowed investigating the behavior of the liquid in the vessel
till the PRV opening. After the PRV opening, strong recircu-
lation and mixing phenomena take place, associated to vessel
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Figure 8. Comparison between the liquid thermal
expansion predicted in the VC, case-study
“a,” and case-study “b.” Liquid thermal
expansion is reported in terms of liquid level
displacement (m).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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depressurization and to the vent of the fluid through the
PRV, as well as to a rapid evaporation of the liquid that
leaves the vessel in the gas phase. Hence, both the liquid
and the vapor phases feature velocities which may be one or
two orders of magnitude higher with respect to those pre-
dicted when the PRV is closed and the stratification take pla-
ces. Thus, the current CFD model is not able to simulate the
behavior of the vessel after the PRV opening time. This
would require a change in the domain, adding a mass exit as
well as an adaptive mesh, which should consider the relevant
change in the velocity magnitude and in the thermal bound-
ary layer evolution, which may constitute a further develop-
ment of the present study.

Conclusions

A CFD model was developed for the assessment of the internal
fluid temperature and pressure profile in pressurized vessels con-
taining a liquefied gas under pressure exposed to a fire. The
results showed the importance of liquid stratification and liquid
thermal expansion on the internal pressure rise of a vessel
exposed to external fire. CFD results are particularly important to
point out that in the case of high heating loads and high liquid fill-
ing levels, the rise of internal pressure is far more influenced by
local liquid stratification than by the average liquid temperature
raise. Thus, the present model is a first step to include the simula-
tion of the fundamental heat and mass-transfer phenomena occur-
ring in a vessel exposed to fire in the assessment of the time to
failure, in the framework of safety and loss prevention aimed at
the control of domino effect and escalation hazard.®*** In per-
spective, some simplifications adopted for the development of the
model may be dropped. In particular, the assumptions concerning
a 2-D domain, considering the vapor as a transparent medium in
the calculation of the radiative heat transfer in the top vapor space
and imposing a time-averaged incoming heat flux may be
removed. However, the main future challenge will be the assess-
ment of the vessel behavior after the opening of the PRV, in
which complicating mixing phenomena induced by the fluid
motion associated to the discharge may significantly change the
nature of the stratified fluid, affecting the behavior of the pressure
build-up in the vessel.

Notation

a = droplet volumetric interfacial area, m !
apg = first Peng—Robinson equation coefficient
bpr = second Peng—Robinson equation coefficient
Cy. Co;, €, = standard K-¢ turbulence model constants
¢, = specific heat, J/(kg K)
Dyis = mean Sauter diameter, m
e = specific energy, J/kg
E, = contribution to energy balance due to conduction and
external source term, J/(m> s)
= external volumetric force, N/(m3 s)
F,, = contribution to momentum balance due to gravity and
external volumetric forces, kg/(m2 sz)

g = gravity constant, m/s>
I, = incident radiation, W/m2
1 = identity tensor
J = evaporation/condensation mass flux, kg/(m2 s)
K = turbulence kinetic energy, m?/s
k = thermal conductivity, W/(mK)
kerr = effective thermal conductivity, W/(mK)
= mass source term due to condensation/evaporation phe-
nomena, kg/(m3 s)
M,, = molar mass, kg/kmol
P = pressure, Pa
Pr = Prandtl number, p/(c, k)
R = universal gas constant, kJ/(kmol K)
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s = ray trace for radiation, m

S = ener%y source term due to condensation or evaporation,
J/(m” s)

Sk = turbulence kinetic energy source term, kg/(m s°)

S, = turbulence dissipation rate source term, kg/(m s4)

t= time, s

T = temperature, K

Ty .y = average liquid temperature, K

velocity vector, m/s

time averaged two-phase velocity, m/s

= time fluctuating two-phase velocity, m/s

v, = molar volume, m>/mol

X = mass source term generic expression, kg/(m® s)

Greek letters

o = volume fraction of a phase
p = accommodation coefficient for condensation or evaporation
/' = mass-transfer time relaxation parameter, s '
71 = production/destruction term for turbulence kinetic energy
7> = production/destruction term for turbulence kinetic energy dissi-
pation rate
&= turbulence kinetic energy dissipation rate, m?/s®
Nabs = absolute error (see Tables 6 and 7)
e = relative error (see Tables 6 and 7)
A= latent heat of vaporization, J/kg
1 = dynamic viscosity, Pa s
I = turbulent dynamic viscosity, Pa s
= dynamic stratification index
= density, kg/m’
ok, 0, = standard K-¢ turbulence model constants
¢ = mass average two-phase property
{ = volume fraction average two-phase property
w = acentric factor
) = Peng-Robinson equation parameter (see Table 3)
Z = parameter used for model validation (see Tables 7 and 8)

Subscripts
= critical
cr = data predicted with the “coarse” mesh, for example, the one
adopted in the present study
= condensation
CL = condensation effect on liquid phase
CV = condensation effect on vapour phase
= evaporation
EL = evaporation effect on liquid phase
EV = evaporation effect on vapour phase
exp = experimental data
fn = data predicted with the “fine” mesh

L = liquid
mod = data predicted by the CFD model
= vapor

T = turbulence quantity
o = reference quantity

Superscripts

T = transposed
° = saturation condition

Acronyms

BLEVE = boiling liquid expanding vapor explosion
CFD = computational fluid dynamics
LPG = liquefied petroleum gas
PRV = pressure relief valve
S2S = surface to surface radiation model
UDF = user defined function
VOF = volume of fluid method
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