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Abstract

The modeling with Computational Fluid Dynamics (CFD) of gas dispersion from a liquified natural
gas (LNG) pool is investigated in detail to better elucidate the sources of uncertainties and the influence
of physical phenomena, such as convection and diffusion, just above the pool. Indeed, a better com-
prehension of these topics can improve gas dispersion analysis and aid the implementation of mitigation
measures. However, the literature shows a lack of knowledge on this matter, since the LNG pool inlet
conditions have not been precisely analyzed so far. To this purpose, the present work proposes, for the
first time in this field, the application of an Uncertainty Quantification (UQ) technique to calibrate the
inlet conditions of a CFD model for cloud dispersion from a LNG pool. More specifically, the Burro
test series is used to validate numerical simulations based on the solution of Unsteady Reynolds-averaged
Navier-Stokes (URANS) equations. As the LNG is released into a water pool, the real LNG pool radius

is unknown. Moreover, the gas release is also unknown as it is not equal to the LNG spill rate. A

teehnigier The generalized Polynomial Chaos (gPC) expansion is therefore used to estimate these uncer-
tain parametersthe-gas-poolradius-and-the-massHowrate, by minimizing the errors between CFD and

available measurements. The optimization performed on the Lower Flammable Limit (LFL) concentra-

tion maps shows how this procedure can give a very good agreement with the experimental observations,
extending the accuracy of CFD simulations within risk assessment studies. Besides, this approach high-
lights how the influence of convection and diffusion on the simulation results strongly depends on the wind

conditions. In this manner, the present work can help modelers to better setup CFD simulations with the
purpose to aid the decision making in the process safety framework. eharacteristies—ofthe-Atmospherie
BoundaryEayer{ABE)—
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LFL Lower Flammable Limit RPT Rapid Phase Transition
LNG  Liquified Natural Gas UuQ Uncertainty Quantification

LPG  Liquified Petroleum Gas URANS Unsteady  Reynolds-averaged  Navier-

PDF  Probability Density Function Stokes (equations)

1. Introduction

The prevention of accidents both in industrial sites and in the urban context, involving hazardous

materials like flammable or toxic substances is a critical task (Guo et al.l 2020; [Mishra), 2015} |Pontiggia)

et al [2011} [Hanna et all, 2009). For this purpose, devising systems of environmental protection as well

as improving process safety need the availability of accurate models, which should be able to predict the

dispersion of pollutants or hazardous substances in the environment. Indeed, experimental data alone

are not sufficient for making accurate predictions about gas dispersion (Moen et al., [2019; [Tan et al.

0TS).

The most frequently used models for this purpose are integral ones, based on lumped parameters.

These models rely on basic equations, which describe the relevant phenomena using empirical correlations,
often leading to an overprediction of the consequences. Moreover, since these empirical correlations are

derived in specific conditions, i.e., mostly open-field configurations, the integral models are intrinsically

unable to take into account the presence of obstacles in the domain (Busini & Rota), 2014} [Pontiggial

2009). This drawback poses serious limitations to their applicability, as obstacles are often present,

for instance, in the form of buildings in urban areas or storage tanks or process equipment in industrial
plants.

For this reason, increasing attention is paid to Computational Fluid Dynamics (CFD) as a promis-
ing tool to perform risk assessment studies as well as analysis on environmental impact
|Allegrini et al., 2014} |Cant et al., [2004). CFD solves the 3-dimensional equations of fluid dynamics, i.e.,

Navier-Stokes equations, coupled with the transport equation of chemical species in complex layouts and
scenarios. One of the main drawbacks is the high computational cost since this kind of problem can
concern large domains with complex geometries, where numerous equations have to be solved in a huge
number of small spatial volumes and at several time instants used for discretization. Hence, simplified
models are usually adopted for some of the relevant physical phenomena as for instance by applying a
Reynolds-averaging of the governing equations to treat turbulence.

Several works have been performed using CFD to analyze gas dispersion in different scenarios within

process safety and risk management studies. For instance, CFD has been employed for simulating gas

dispersion in the urban context by both validation studies (Guo et all [2020} [Tan et al. 2018} [Habib)|
let al| [2014} [Tauseef et all [2011) and analysis on real or possible accidental releases
. Besides, also industrial layouts have been considered in the use of CFD simulations, es-
2016} [Liu et al] [2016} [Fiates et all 2016} [Labovsky]|

pecially for cryogenics releases (Schleder & Martins|




[& Jelemensky| [2010). Finally, CFD has been demonstrated as a valuable source for the support in

the development of mitigation measures like gas detectors networks (Cen et al. [2018} [Rad et all 2017

[Vazquez-Roman et al.| 2016]).

in-the-frameworkof gas-dispersion-studies by (Habib et al., [2014)), shem&g&%s—geed&eetw&eyv&%hdfﬁefeﬂt
beuﬁdafyeeﬂdi&ieﬂs%ﬂérexpeﬂme&ba%seﬁupsfl%efeeveﬁm 2013) —earried-ont-CED-simdations

-[Tauseef et al. | (]2011[)@6%&3%6&%—&%%13@&%&6

Rematnine—in—the—urban—frameworl; Guo et al/| (2020) validated—a—CFD-model—with—the—wel-known
experitnental-test MUST-(Biltoft. 2001).This stndv-allowed to-analyze the effect-of different classes of
atmospherie-stabilitvon-gas dispersion.Besides. Pontiggia ot al. (]2OIOal)ﬂised—GllB—meéehﬂg—ter&ssess

om0)-
FEADIS-experimental-ease (Nielsen et al, [1997).

[2017} [Vazquez-Roman et all [2016)).

From the above literature review it can be noticed how CFD models can be used as a promising tool
to assess the consequences of accidental scenarios and to support the risk analysis studies in the frame-

work of chemical and process industries. However, CFD models for gas dispersion analysis are affected

by sources of uncertainties (Gerbec et al. |2017; Tominaga & Stathopoulos| 2013)), that have not been

considered in the process safety framework. These uncertainties may potentially affect the reliability of

impact predictions as well as the potential implementation in risk studies.

ies (Gerbec et al.]
[2017; [Tominaga & Stathopoulos, [2013)-thatsheuld-be-earefallyanalyzed—tisof primaryimpeortanee




ef—%h&Amtesphe%te—Beﬂﬂdafy—Layer»éA—BL—} (Blocken et al.) |2007]; IJorg Franke, Antti Hellsten, Heinke|
ISchlunzen], [2007; ITomlnaga & Stathopoulos), [2007). Tadeed-the- ABE-plays-a-majorroleingas-dispersion

turbulenee-elosure-equationsto-theABE (Parente et al.|, 2011} |Gorlé et al.| |2009} [Pontiggia et al., 2009)).

One recurrent problem that asks for numerical models to improve safety is the dispersion of natural
gas. This energy source is playing an increasingly important role within the energy transition, especially

in the form of Liquified Natural Gas (LNG) (Aneziris et al) [2020} [Osorio-Tejada et al| [2017). How-

ever, the increase of LNG terminals needs safety measures to deal with the flammability of natural gas

(Mishra & Mishral, [2021} [fannaccone et al| [2019). Several works have been devoted to the description of

accidental releases of this material and an important aspect is represented by its vaporization behavior

(Bariha et al.l 2016)), also in terms of consequences like flash fires (Carboni et al.| 2022). As a matter

of fact, LNG vaporizes as a heavy gas at first place and then vapour becomes light, enabling a better

dispersion. This is different from other cryogenics like C'O2, which often reaches the triple point and

presents a more complex release process (Fiates et al. 2016} [Mocellin & Maschio}, [2016)) or Liquified

Petroleum Gas (LPG), which behaves like a heavy gas throughout the whole process, being similar to

pure propane (Conrado & Vesovid, [2000)).

(Mishra

|& Mishral 2021} Tannaccone et al 2019)). In this scenario, the development of CFD models may benefit

from some well-known experimental tests, such as Burro, Coyote and Falcon tests (Koopman et al.| [1982;

|Goldwire et al) Brown et all [1990), which were carried out to better understand the LNG spill and

subsequent dispersion of the gas cloud. In the Burro and Coyote test series, which involved 9 and 10 tests

respectively, the LNG was spilled on a water pool having—a—diameter-of-58—m; subsequently, the LNG

vaporized promoting the formation of a gas cloud, which was characterized by means of visualization as

well of some concentration measurements. Fhese—tests—may—provide—important—validationdata—for—the

ulation of these tests with CFD models is affected by some sources of uncertainty which, however, have

not been considered so far in the literature.

which—gaseous—methane—entersthe-computational-demain- One of the most relevant sources of uncer-

tainty is the kind of inlet conditions, which must be given on the region corresponding to the LNG pool,
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and determine the quantity of natural gas that enters the computational domain. this-depends-onthe

on-theeconeentration-gradients-abeve-the ENG-peelk In particular, the two main phenomena responsible
for the immission of LNG into the surrounding atmosphere are convection and diffusion; their relative
importance depends on the test and wind conditions. However, it is not common, in the literature, to
indicate if only convection or both phenomena are considered.

As a matter of fact, several works dealing with the simulation of the above-mentioned tests can be
found, for which we assume that only convection is implemented in the CFD model as no indication is

present (Wu et al.} 2021} [Sun et al.| |2013} [Luketa-Hanlin et alJ [2007). All these works performed URANS

simulations by considering only the gas phase and treating the LNG pool as a gas velocity inlet. The
inlet velocity was estimated from the experimentally measured LNG mass flux or spill rate and different
numerical codes and turbulence models were used. All these works reported some discrepancies with

respect to reference experimental data. Fer—instanee; |[Luketa-Hanlin et al.| (2007)) earried-out—numerieal

suggested applying multi-phase models, which incorporate also the vaporization process of the LNG. For

example, [Zhang et al. (2015) employed the mixture model with a URANS approach to investigate the
LNG vaporization and subsequent gas dispersion, for the Burro 8 and 9 tests and-the-Goyote-3-and-b-tests-

Although the more

sophisticated modeling approach, results showed that the predicted gas cloud footprint for the Burro 9
test was significantly overestimated compared to the experimental one. A similar approach was employed
in and also there, overestimation of the gas cloud dimension can be noticed.

An important source of uncertainty is-ther in the numerical simulation of this kind of problems, and,

in particular, of the Burro tests, is represented by the value of the LNG pool radius. reached-by—the



radins-of-the ENG—peel- It is reasonable to assume that this value can be different from the water pool
one; indeed, the experimental images indicate that the LNG covers a limited portion of the water pool.
Besides, in the experiments, LNG was spilled over a flat plate; this had the function to spread methane
over the water pool, but this fact poses uncertainties on the area occupied by LNG. As a consequence,
the real dimension of the LNG pool is unknown and an investigation on this is important to have an
accurate numerical setting, to exclude wrong predictions of the quantity of LNG entering the domain,
thus leading to wrong gas cloud dimensions.

However, also this last topic is not addressed in the majority of the works in the literature, where authors
assume that the radius of the LNG pool is equal to the water pool ones—-e—58—m
Tkealumba & Wul, [2016} [Zhang et al., 2015} |Sun et al., 2013)). One different treatment is employed in the

above mentioned work by (Luketa-Hanlin et al| [2007) who calculated the LNG pool diameter from a

mass balance between LNG spill rate and pool evaporation. In such a manner the LNG pool dimension
is different from the water pool one.

Finally, another source of uncertainty is the accuracy of CFD models in reproducing the ABL char-
acteristics for different stability conditions, as those encountered in the Burro tests. As a matter of

fact, atmospheric turbulence strongly affects the spread of the gas cloud and proper modificatios must

be applied to the CFD model to adapt turbulence closure equations to the ABL (Parente et all [2011}

[Gorlé et all [2009} [Pontiggia et all [2009). However, in all the previous works in the literature dealing
with numerical simulation of the Burro tests, this issue has not been considered. Mere—speeificatly—in

From the above literature review a lack of knowledge on the actual influence of inlet conditions in

the CFD simulation of gas dispersion from an LNG pool emerges, besides—an—inaceurate as well as of

treatment of LNG pool dimensions and of ABL characteristics.

The present work intends to deeply investigate how the choice of inlet conditions affects the numerical

simulation of gas dispersion from an LNG pool eerresponding—to—the ENG—poel—affeets—thenumerieal

safety—studies—(Sun et all [2017). To this purpose, different tests are considered, i.e. the Burro 8 and

Burro 9 tests, as they cover the two most concerning classes of atmospheric stability for the dispersion of

heavy gases, i.e. slightly stable and neutral, respectively. Contrarily to previous works, the Atmospheric

Stability sub-Model (ASsM), proposed by (Pontiggia et all 2009)), is implemented in a single-phase

URANS model to accurately reproduce the wind profiles and sustain them in the undisturbed ABL flow
before the LNG pool. Furthermore, different values of the turbulent Schmidt number were considered.

For the first time, Uncertainty Quantification (UQ) is applied to gain a deep insight into the boundary



conditions and it is used to calibrate two unknown inlet parameters, i.e. pool radius and mass flow rate,
highlighting how the role of these parameters is strongly related to the wind conditions. Moreover, the
importance of diffusion and convection in the immission and consequent dynamics of LNG are investi-
gated. Their importance once again depends on the characteristics of the atmospheric boundary layer.
Besides;—this—ealibrationThus, the present study gives insights on how to set a CFD simulation when
dealing with LNG release and subsequent gas dispersion depending on atmospheric conditions and the
involved released quantities. In this way, an improved CEFD set up is built, thus creating a more accurate

tool to perform risk assessment studies and support the development of mitigation measures.

2. Case study

In this work, the Burro series tests (Koopman et al., [1982)) have been chosen as a reference since they

have been widely studied and used for validation of numerical models in the context of LNG releases
and dispersion. This series of tests was performed by researchers of the Lawrence Livermore National
Laboratory in 1980 at China Lake and consisted in the release of LNG in the center of a water pool
having a diameter of 58 m, with the subsequent monitoring of the gas dispersion through arcs of sensors

placed at different distances from the pool, as reported in Fig.

57m 200m 400 m 800 m

] Water pool
Wind

LNG pool

140 m 300 m 500 m

Fig 1: Scheme of the Burro series tests experimental configuration with the indication of the arcs of sensors distances.

Nine different tests were performed, even though a complete set of results is available only for cases 3,
7, 8 and 9. In particular, we considered the Burro 8 and Burro 9 tests as they show interesting features:
indeed, the Burro 8 test provides the longest distance reached by the Lower Flammable Limit (LFL)
concentration of methane, while the Burro 9 test refers to the highest spill rate. Moreover, these tests
are characterized by different atmospheric stability conditions, i.e. slightly stable and neutral for the
Burro 8 and 9 test, respectively. Table (1| reports a summary of the experimental conditions for these
two tests. Since the effective time variation of the wind speed in the Burro tests is not known, in the
following we assume a time-independent velocity profile for the wind, and we consider the mean values
reported in Tablell] i.e. 1.8 m/s and 5.7 m/s for Burro 8 and Burro 9, respectively. Indeed, setting the
wind speed to the upper boundary of the ranges for the whole duration of the simulations could lead to
an over-prediction of the cloud length. The variation of wind speed and direction during the tests could

be considered in a future work.



As regards the other two cases, the Burro 3 test was not considered, since it refers to wind conditions
similar to the Burro 9 test, while the Burro 7 test was discarded because the LNG cloud is narrow and

stretched through sensors.

Table 1: Main experimental conditions for Burro 8 and Buro 9 tests

Burro 8 Burro 9
Atmospheric stability Slightly stable  Neutral
Wind speed @ 2 m [m/s] 1.8+0.3 5.7+0.7
LNG spill rate [m3/min] 16.0 18.4
LNG spilled mass [kg] 12070 10285
Duration ] 100 80

The available experimental data in (Koopman et al.,|1982)) are the mass flow rate that passes through

the arc of sensors placed at 140 m downwind of the pool and the gas cloud footprints and heights. In
particular, these last data are available for specific methane concentrations, i.e., 1%, 2.5%, 5% and 10%
and times, i.e., t = 100 s and ¢ = 80 s which correspond to the time in which releases ended for the
Burro 8 and Burro 9 test, respectively. In both cases, the total mass that was detected by the sensors
and interpolated between the arcs was not equal to the total spilled LNG mass. In particular, a mass of
7439 kg was captured in the Burro 9 test, while 9193 kg in the Burro 8 test, corresponding to 70% and
80%, respectively, of the spilled mass.

Besides, during the Burro 9 test, RPT explosions happened with consequently the first arc of sensors
being out of service and a strong variation concerning the mass flow rate data was registered by the sensors
placed at a distance of 140 m from the pool. For this reason, the experimental data for Burro 9 have

a lower reliability just downwind of the pool. Fer-thisreasen;some-of Burro-9-data—werereconstrueted

3. CFD model

The commercial CFD, finite-volume, software Ansys®Fluent 19.2 (Fluent in the following) (Ansys
was used for the present simulations.

The problem can be described by the unsteady incompressible Navier-Stokes equations, together
with the transport equations for the chemical species and the energy equation. These equations were

averaged using the Reynolds decomposition, thus leading to the unsteady Reynolds-averaged Navier-

Stokes equations (URANS) (1H4):

ou,
8%— o

0 (1)
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where U;, P,T,Y} represent the time-averaged velocity in the i-th direction, pressure, temperature and
mass fraction of the k-th chemical species (in our case k = 1,2 as we have air and methane). p is the

density, which is defined as p = Pop vi— with M, ;, being the molecular weight of the k-th species,

RT Y, w7t
R the universal gas constant and p,, the operating pressure, which is the atmospheric one. g is the

gravitational acceleration, v and v; are the molecular and turbulent kinematic viscosity, respectively. &
represents the turbulent kinetic energy, c, is the specific heat capacity, kr the thermal conductivity, Dy,

the molecular diffusivity of the k-th chemical species. Dy is the turbulent diffusivity and is estimated as:

Vi

The turbulent Schmidt number Se¢; was set to S¢, = 0.4 as suggested in (Di Sabatino et al., [2007) and

(Blocken et all 2008) for gas dispersion modeling. However, the sensitivity of results to this parameter

was assessed by performing simulations also with the standard value, i.e. Sc; = 0.7, as explained in

Section Bl

the—turbulent—viseesity—e—t- A modified version of the standard k — e turbulence model, namely the

Atmospheric Stability sub-Model (ASsM) proposed by (Pontiggia et all [2009), was used to determine

the turbulent viscosity, i.e. v;. The ASsM allows to include the Monin-Obukov length within the closure

equations of £ — ¢ model in order to obtain consistent profiles of velocity and turbulence for different

classes of stability; in particular, the ASsM

- provides an

additional source term S,(z) for the turbulent dissipation rate equation, as reported in Eq. @

ulp | (Cao—Ca)\/Cu o [ 1 (2 1 T, ul
Se(2) = 22 K2 Pe Om o, (qﬁm B Tm + HT) T H9es (6)
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Moreover, proper wind profiles were set at the inlet of the domain, in terms of velocity (Eq@,
temperature (Eq, turbulent kinetic energy (Eq@ and turbulent dissipation rate (Eq as prescribed
in (Pontiggia et al., |2009).

u= [ln (;) + ®p(2/L) — 1] (7)

K 0

u?
b= ®)
U3
o) = (10)

In the previous equations « is the von Karman constant, i.e. x = 0.42, u, and T are the friction
velocity and temperature, zg the surface roughness, while ®,,, and ®. are two functions that depend on
z and on the Monin-Obukhov length L. In particular, ®,, = 1 + 5(z/L) and ®. = 1+ 4(z/L). Ca,
Cea, Ce3, 0, 0 and C), are the empirical constants for the k — e model; their standard values
were adopted here. The possible classes of atmospheric stability are taken into account

in the model by properly modifying the Monin-Obukhov length L (Pontiggia et all 2009), considering

L = oo for the Burro 9 test, which is in neutral stability conditions, and L = 16.5 for Burro 8 test, which
is in slightly stable conditions.

The 3-dimensional domain was a 950 m x 400 m x 35 m parallelepiped. Dimensions of the domain
had been selected to completely describe the spatial development of the cloud during the considered
time interval for both cases. The pool was circular and its center, corresponding also to the origin of
the reference system, was located at a distance of 150 m from the wind inlet. The computational grid
had been made employing the software Ansys®ICEM 19.2 (ICEM in the following) and it consisted of
hexahedral cells with a refinement around the pool. The pool had been meshed using an o-grid strategy.

- Along the vertical

direction, the cell height increased exponentially while moving from the ground. ICEM allows to set the
height of the wall-adjacent cell and the total number of nodes, which had been chosen as 36. Moreover,

a ratio of 0.13 between the minimum and maximum cell dimensions in this direction had been adopted.

Following the recommendations by (Blocken et al., 2007), the height of the wall-adjacent cell centroid z,

11



had been set larger than the roughness height, calculated as:

9.793z

K,
Cs

(11)

where zj is the surface roughness, which had been set to zg = 2 - 10~* m, corresponding to the terrain

roughness as reported in (Koopman et all [1982)). Cy is a constant, which had been set as Cs = 0.979

according to the ASsM (Pontiggia et al., 2009)).

A preliminary grid independency study had been carried out using different numbers of cells, i.e. 300k,
450k and 900k cells and z, values, i.e. z, = 0.4 m, 2, = 0.15 m, 2z, = 0.05 m, respectively. The chosen
grid had a wall-adjacent cell height equal to 0.3 m (2, = 0.15 m) and a total number of cells ranging from

400k to 460k depending on the pool radius (please see the five cases that have been simulated in next

section). According to the reference data (Koopman et all [1982), the 1% concentration at the second

row of sensors (140 m) occurs within an elevation of 7 m, which was discretized with 14 cells in our
simulations. In Fig. [2| a scheme of the 3-dimensional domain is reported together with a detail of the

mesh in the pool region.

400 m 950 m

135 m

Wind direction Side Outlet

(a) (b)

Fig 2: Computational domain (a) and a zoom of the pool region(b).

LNG was treated as pure methane since other heavier hydrocarbons, present in the mixture, have a

smaller influence on the duration and dimensions of the flammable cloud (Eberwein et al. [2020]). For

this reason, the present approach can be considered conservative besides the fact that it allowed to keep
a low computational cost for the simulations, since the transport equation was computed only for one
species besides air. The pool was modeled as a mass flow inlet with an imposed temperature of 111 K,
which corresponds to the LNG vaporization temperature and a methane concentration equal to 1. The
present study investigates the impact on the results of the setting of the diffusive and convective terms
in Eqf] at the inlet.

The wind inlet boundary and the top of the domain were treated by imposing the wind speed profiles

like in (Marsegan et al., [2016; [Pontiggia et al. 2009)), while the sides as symmetry boundaries and the

outlet as a pressure outlet.
The SIMPLEC scheme was used to handle the pressure-velocity coupling. A first-order implicit

method was applied for time advancement with a constant time step of At = 0.5 s corresponding to a

12



maximum Courant number of ~ 1; the simulated time intervals for each test case are reported in Table[2]
Dedicated tests were performed to check independence of results from the time integration method and
the chosen time step. The spatial discretization was performed with a second-order upwind method for

all the equations.

4. Methodology for uncertainty quantification and calibration

The methodology used here to calibrate the simulations and hence identify an optimal case setup
was based on the generalized Polynomial Chaos (gPC) expansion, which is commonly used in Uncer-
tainty Quantification analysis. This approach consists in building response surfaces for certain quantities
of interest (Qol) to some variable input parameters, using a relatively small number of deterministic
evaluations.

From a mathematical point of view, gPC is an interpolant method in which a quantity of interest,
depending on M random input parameters, represented by a M-dimensional vector £(w) in the space of

events (), is projected over an orthogonal polynomial base. This is expressed as follows:

Qol(w, X) = B;(X);(§(w)) (12)
=0
where ¥; = ¢;(&1) - ¢;(&2) - ... - ¢;(&,) is the multivariate j* polynomial of the base, j3; is the j**

Galerkin projection coefficient and X represents the field in which the Qol is computed, here the CFD

computational domain. The expansion is truncated to a limit 7', expressed as:
M
T=][w+1)-1 (13)
j=1

where P; is the maximum polynomial order for the j —t" input parameter.

Then, the orthogonality condition allows to calculate the Galerkin coefficients as follows:

in which < f, g > denotes the following scalar product:

(frq) = / w(€) F(€)g(E) de (15)

with w a weighting function depending on the chosen polynomials. In particular, the integral in Eq.
can be computed using the Gauss quadrature rule.
Following this theoretical background, the procedure that was implemented can be summarized as

follows:

1. Choose a range of variability for the input parameters.

13



2. Define a Probability Density Function (PDF’) for the variability of the input parameters.

3. Choose the proper polynomial family; the optimal one is orthogonal to a weighting function w equal
to the PDF of the input parameters.

4. Define the maximum order of the polynomials, considering a sufficient precision for the interpolation
of the Qol.

5. Define the quadrature points for the computation of the integrals in Eq[T4] CFD simulations must
be carried out for the values of the input parameters corresponding to the quadrature points.

6. Perform the gPC expansion and obtain the response surfaces of the Qol.

The gas release from the LNG pool is affected by many factors, like the amount of spilled LNG,
the wind speed and the atmospheric stability conditions. In the Burro tests, the radius of the LNG
pool is unknown. As mentioned in the Introduction, some works in the literature assumed this radius
to be equal to the one of the water pool, although the LNG pool does not cover the whole water pool.
Moreover, the extension of the LNG pool depends on the geometry of the leakage apparatus and the
competition between the spill rate and vaporization rate, so ultimately the pool radius is affected also by
the wind and atmospheric stability conditions. Since the gas release is modeled with a inlet boundary
conditions, the values of the radius and of the mass flow rate dictate the resulting wall-normal velocity of
injected methane. This aspect strongly affects the flow field above the pool and the resulting dispersion
downwind. In addition, the value of the inlet radius also influences the cross-wind spread of the cloud,
particularly in the case of low wind speed. Besides, the vaporization rate is also not known precisely as

its measurement is affected by uncertainties as explained in the introduction and underlined in (Luketa-|

[Hanlin et al] [2007). A final remark concerns the choice of the turbulent Schmidt number Sc;. Despite

this parameter affects the overall spatial development of the cloud, it was not included in our stochastic
analysis; instead, we selected two different values of Sc¢; and assessed its impact on the dispersion. As
it will be discussed in the following, the choice of the turbulent Schmidt number is less critical, for the
accuracy of the results, than the set up of the inlet boundary conditons.

For these reasons, both pool radius and gas mass flow rate, which depends on the vaporization rate,
had been chosen as uncertain CFD input parameters. The gas mass flow rate was chosen to vary in the
range from 0 kg/s to the maximum LNG spilled flow rate of each specific case (113 kg/s for the Burro 8
test and 130 kg/s for the Burro 9 test) while the range for the pool radius was taken as 13m + 21 m.
This last range was determined from an analysis of the case study with the integral dispersion model
implemented in DNV GL PHAST 8.1 (PHAST) 2017)), which is widely used for the analysis
of accidents involving hazardous materials and risk assessment studies. PHAST solves 1-dimensional
equations, together with semi-empirical coefficients to predict phenomena such as pool formation and
spreading, and the subsequent gas dispersion. In particular, the lower boundary was selected slightly
below the average value evaluated by the integral model, i.e. R = 13.6 m. A radius equal to 13 m leads

to a vaporization rate of 0.213 kg/m?s for Burro 8 test and 0.245 kg/m?s for Burro 9; these values are

already higher than those reported in the literature (Luketa-Hanlin et al. [2007) and, then, smaller pool
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dimensions were discarded. Moreover, the upper boundary was chosen as the time average between the
instant when the radius is maximum, represented in Fig. [3| by the circle, and the one when the release

ends, indicated by the square.
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Fig 3: Time evolution of the LNG pool radius in the Burro 8 (a) and Burro 9 (b) tests. The circle represents the maximum
radius while the square indicates the end of the release.

A uniform PDF was chosen for both radius and mass flow rate, thus we used Legendre polynomials

to perform the gPC expansion as suggested in (Askey & Wilson [1985). A uniform PDF is often adopted

when no specific indication about input parameters variability is available. The maximum order of the
polynomials was set equal to 4 and thus, five quadrature points that are collocated as in Fig. [i] were used
for each parameter. The calibration of the input parameters was then performed using the computed
response surfaces and minimizing the error between the output quantities and the experimental data.
In particular, the length of the gas cloud at the LFL concentration, i.e. 5% methane volume fraction,
was considered as the target to be fulfilled, to have CFD results matching experimental data. The error

between predicted and experimental data was calculated from the following equation:

ex(Ra m) = L5%,ewp - LS%,CFD (16)

where L5y opp and Lsy, opp indicate the maximum downwind extension of the five-percent concentration
at one meter from the ground (z = 1) for numerical and experimental data, respectively. This quantity
was chosen instead of the volume of the cloud since, in the experiments, the height development of the
methane cloud is reported only for one row of sensors. Nonetheless, the footprint of LFL can already
represent a useful quantity for safety. The minimization of the error defined in Eq. this function
was carried out with the constraint represented by the amount of methane which is present in the
computational domain, that has to be equal to the detected one during experiments. Mathematically,

this condition represents a constrained minimization problem with a non-linear constraint, expressed as
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follows:

argmine, = f(R,m) (17)
R

Since the gPC approximation loses accuracy towards the limits of the variables space, the search of the
minimum was performed in a domain bounded by the external quadrature points, i.e. 13.38 m = 20.62m
and m = 5.30 + 107.7kg/s (Burro 8 test) and m = 6.10 = 123.9 kg/s (Burro 9 test). The problem was
solved in Matlab using built-in minimization functions.

At the end of the procedure, optimal values for the pool radius R and the gas mass flow rate m were

retrieved.
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Fig 4: Quadrature points for the radius of the pool and gas mass flow rate for (a) Burro 8 and (b) Burro 9 cases.

5. Results and discussion

Table 2: Summary of RANS simulations setups.

Burro 8 Burro 9

Ui(2m) [m/s] Time [s] m [kg/s] Ui(2m) [m/s] Time [s] 1 [kg/s] R [m] Se:  Section

113 130 13.65 0.4

0 0 13.65 0.4

1.8 100 113 5.7 80 130 13.65 0.4
[0,113] 0,130]  [13,21] 0.4

[0,113] 0,130  [13,21] 0.7

To better understand the mechanism controlling the amount of gas released from the LNG pool, pre-

liminary simulations were carried out by setting different kinds of inlet conditions. More specifically, we
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first considered a convective inlet, at which the entrance of gas by diffusion is not allowed. The results
are presented and discussed in Section It is worth noting that this is the common approach adopted
in the majority of works in the literature (Wu et al., |2021; |Sun et al. 2013} [Luketa-Hanlin et al.l 2007]).
However, diffusion may also be an important factor determining the entrance of methane in the compu-
tational domain. Indeed, the incoming wind dilutes the concentration of methane just above the pool,
thus promoting the formation of a concentration gradient in this area that causes diffusion. Hence, a
second series of simulations was performed by considering only entrance through diffusion at the inlet
and the results are presented in Section

All these preliminary simulations were carried out using a gas pool with a radius equal to R = 13.6

m, i.e. the average of the radius in time, as predicted by PHAST.

5.1. Purely convective model

As explained in Section [3] the first simulation strategy allows only convection in the transport of
methane from the gas pool inlet. This means that the amount of methane that enters the computational
domain depends only on the specified gas velocity, which is computed from the imposed mass flow rate
and the pool surface area. For the two analyzed cases, the mass flow rate was computed from the spilled
LNG, resulting in 2 = 113 kg/s for the Burro 8 case and 7 = 130 kg/s for the Burro 9 one.

Velocity and methane concentration distributions just above the pool are reported in Fig. [f|to have an
indication of the main results in this case. The vertical plane represents the axial velocity, i.e. z-direction
(see top panel of the figure) while in the horizontal plane the methane mole fraction is reported to show
the gas cloud footprint at 1 m above the ground (see bottom panel of the figure).

In both cases, a recirculation zone is recognizable with negative values of wind speed. This is more
pronounced for Burro 9 test where the stagnation zone above the pool causes an increase of velocity in
the above region, which reaches a value higher than 9 m/s, that is 30% higher than the maximum value
of the wind speed profile. The appearance of a recirculation zone is imputed to the fact that methane has
an imposed vertical velocity from the pool, thus creating a cross-flow together with the wind approaching
the pool zone.

The main consequence on gas concentration distribution is that mixing above and downwind of the
pool is severely increased, thus causing a really large gas cloud which deviates significantly from the
experimental observations. Besides, the temporal evolution of the total mass of the released gas appears
to be delayed with respect to the data acquired from the monitoring arc of sensors placed 140 m downwind
of the pool. A similar behavior was noticed also in (Gavelli et al., 2009) for the Falcon test, in which an
increase of the turbulence intensity above the pool reduced this delay in the time evolution. However,
there is no physical or practical indication on how to set this quantity, and, thus, it does not seem suitable

to use it to improve the accuracy of numerical predictions.
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Fig 5: Distributions of the axial component of wind speed on the middle vertical plane and methane concentration footprint
at 1 m above the ground for Burro 8 (left column) and Burro 9 (right column) tests with the purely convective model. The
gray circle represents the LNG pool, EXP refers to experimental observations of the gas cloud while RANS indicates the
CFD results.

5.2. Purely diffusive model

A purely diffusive model was also tested, following the idea in (Pontiggia et al., [2010b). Only the

diffusion term in the species transport equation (Eq. E[) for methane at the pool boundary condition was
enabled. Using only diffusion for the inlet makes methane mass depending only on the concentration
gradient in that particular zone. The resulting flow and concentration fields are reported in Fig. [6]

We notice that the recirculation zone in the velocity field, observed when using a purely convective
inlet condition, is not present. This behavior stems from the absence of a vertical velocity component as
methane enters the domain without a velocity but just following the Fick law, expressed, for turbulent
flows, by the right-hand side of Eq. [4] Anyway, large discrepancies in the gas concentration distribution
are still present with an opposite behavior respect to the purely convective model, thus having CFD
predictions much smaller than experiments. Moreover, if we impose only diffusion at the pool we lose the
control on the methane mass flow rate entering the domain, leading to a serious issue in the reliability of

the simulations.
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Fig 6: Distributions of the axial component of wind speed on the middle vertical plane and methane concentration footprint
at 1 m above the ground for Burro 8 (left column) and Burro 9 (right column) tests with the purely diffusive model.The
gray circle represents the LNG pool, EXP refers to experimental observations of the gas cloud while RANS indicates the
CFD results.

5.8. Convective-diffusive model

Since both the previous models present errors in the prediction of gas dispersion, a model includ-
ing convection and diffusion is tested. This way, the treatment of pool boundary condition involves a
dependence of the mass on the imposed mass flow rate and concentration gradient as well.

Observing the results obtained with this model, reported in Fig. [7} we can notice that the problems
described before are less effective. In fact, recirculation zones in the vertical plane distribution are much
smaller with respect to the purely convective model and this leads to plausible gas cloud dimensions,
especially when considering LFL concentration.

This preliminary analysis shows that both diffusive and convective phenomena are important for the
methane entrance in the computational domain and, therefore, both these terms should be considered
when imposing boundary conditions at the pool surface. However, a few issues arise. In particular, the
methane mass entering the domain depends on the imposed mass flow rate that is used to calculate
gas velocity at the inlet (in the convection term) but also diffusion at inlet takes part in this process.
Furtherly, for a given mass flow rate, the inlet velocity strongly depends on the surface area of the LNG
pool, and the value R = 13.6 m derived from the integral model is affected by uncertainties.

For these reasons, a calibration of these important parameters, i.e., the mass flow rate and the LNG

pool radius, is suggested and presented in the next section, considering the convective-diffusive model.
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Fig 7: Distributions of the axial component of wind speed on the middle vertical plane and methane concentration footprint
at 1 m above the ground for Burro 8 (left column) and Burro 9 (right column) tests with the convective-diffusive model.
The gray circle represents the LNG pool, EXP refers to experimental observations of the gas cloud while RANS indicates

the CFD results.

5.4. Calibration

The methodology described in Section [ is employed to perform a calibration of the parameters.

Fig. [8| reports the response surfaces computed with the gPC methodology, of the percentage error in

the LFL length and of the methane mass present in the domain for both test cases, i.e. Burro 8 and 9

tests. The red dashed line represents the fulfilment of the mass constraint while the red points indicate

the optimal values of the parameters, which minimize the error in the LFL length.
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Fig 8: Response surfaces obtained using gPC expansion in the Burro 8 test (a, ¢) and Burro 9 test (b, d).

The optimal values of the input parameters are chosen ensuring the constraint (dashed line) while
seeking for the minimum error. These points are highlighted in the previous figures and correspond to
the couple (R = 20.60 m, 1 = 90.35 kg/s) for Burro 8 test and (R = 13.38 m, 7 = 84.58 kg/s) for Burro
9.

One important issue that can be highlighted is the small influence of the pool radius on the results for
the Burro 8 test; in fact, both the surfaces in Figs. [§] (a) and (c) are almost unaffected by changes in this
input parameter. We can explain this behavior by considering that in this case the mass inlet is governed
by convection rather than diffusion. Indeed, the low wind speed in the Burro 8 test causes a stagnation
of methane just above the pool, hampering the diffusion because of the small methane concentration
gradients. For this reason, enabling diffusion has an impact only in the first time-steps of the simulation
when methane starts to come out the pool and the gradient is varying.

On the contrary, the behavior of the Burro 9 test shows a remarkable dependency on the pool radius

as we can deduce from Figs. |8 (b) and (d). In this case the wind speed is much larger than the one in the
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Burro 8 case, resulting in a fast dilution of methane with air leading to a reduced methane concentration
above the pool which triggers diffusion.

The comparison between the CFD results using these optimal values and experiments is reported in Fig.
[9] for both the gas cloud footprint and the mass detected 140 m downwind of the pool. For the sake of
completeness, results obtained in some non-optimal conditions are reported in in terms of

gas cloud footprints.
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Fig 9: Comparison between experimental data and CFD results using optimal values for Burro 8 (left column) and Burro
9 (right column) tests.

As we can see from the previous figures, the footprint for the 5% concentration is perfectly matched
between CFD and experiments in its length and width. Moreover, the temporal trend of both mass flow
rate and total mass is also well captured in Burro 9 test and with a sufficient agreement in Burro 8 case.
It has to be said that the peaks in the mass flow rate for Burro 9 test are due to the RPT explosions
happened during the experiment; hence, these peaks cannot then be predicted by CFD where only the
gas phase is simulated.

From the point of view of other volumetric concentrations, there are some discrepancies between CFD
and experimental results. This is due to the fact that, at this point, the calibration was performed only
for the LFL concentration but a role is also played by the experimental data themselves. In fact, these
concentration maps were obtained via an interpolation of the measurements of detectors very far from
each other; moreover, the variable atmospheric conditions during the tests could have modified the gas

dispersion behavior.
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Successively, the optimization problem was solved also for a different value of the turbulent Schmidt
number, i.e. S¢; = 0.7, that is the most used value in literature in the simulations of Burro test. This
was done to have a deeper understanding on how this parameter can influence the results and to validate
the use of the previous value.

Fig. reports the response surfaces obtained in this case, while the results in terms of gas cloud

dimensions and mass predicted 140 m downwind of the pool are reported in Fig.
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Fig 10: Response surfaces obtained using gPC expansion with the turbulent Schmidt number Sc; = 0.7 in the Burro 8 test
(a, ¢) and Burro 9 test (b, d).
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Fig 11: Comparison between experimental data and CFD results using optimal values with Sc¢; = 0.7 for Burro 8 (left
column) and Burro 9 (right column) tests.

Using Sc¢; = 0.7 for the Burro 8 test, we identified the optimal parameters as R = 13.96 m and
= 88.20 kg/s. Hence we observe a significant reduction of the pool radius (i.e., from R = 20.60 m
to R = 13.96 m when increasing the Schmidt number from S¢; = 0.4 to S¢; = 0.7). However, once
again the influence of the pool radius on the numerical predictions is almost negligible. The difference
in the optimal flow rate is small (i.e., from 7 = 90.35 kg/s to 1 = 88.20 kg/s). If we look at the
comparison with experimental data, it can be noticed that we have an improvement of the prediction
of the gas cloud dimensions, with the value Sc¢; = 0.7, but the temporal trend of mass presents quite
large discrepancies. For Burro 9 test, both gas cloud dimensions and mass temporal trend suffer large
differences with experimental data, even when using the optimal values of the parameters identified by
the calibration, i.e. R =13.38 m to 7 = 79.97 kg/s.

Finally, we can comment that generally the simulations with Sc¢; = 0.7 show larger deviation from

the experimental data than those with Sc¢; = 0.4. Hence the latter value may be recommended in this

kind of studies as also indicated by (Di Sabatino et al., 2007) and (Blocken et al., 2008).

5.5. Discussion

The results showed in the previous sections allow to discuss the advantages of the present methodology
on the CFD modeling of gas dispersion in the framework of process safety studies.

Indeed, as mentioned in Section [I, CFD models are reliable tools for risk assessment studies and may
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support the development of mitigation strategies. They can serve the consequences assessment of haz-

ardous gas releases and also be used as an important source of data for the implementation of algorithms

for the optimal placement of detectors (Cen et al.| 2018} Rad et al.| 2017). In particular, they can provide

accurate predictions of gas dispersion in a high variety of scenarios, even for complex layouts where the
well-known integral models fail to cope with the presence of obstacles.

The calibration performed in this study on CFD boundary conditions at the LNG pool has led, for the
first time, to a better understanding of the influence of convection and diffusion in the simulations, besides
a correct set of boundary values, i.e. gas mass flow rate and the LNG pool radius.

This can have a high impact on the development of CED models even more accurate in the prediction of
the gas cloud dimensions, thus being suitable for risk assessment studies. Besides, the present calibration
has shown that wind conditions in terms of velocity and stability are of crucial importance and their
modeling within CFD cannot be neglected, giving also to CFD modelers a suitable solution employing
UQ analysis.

The present optimization methodology has been applied here to the LFL concentration, but an extension
to other levels of gas concentration could possibly help to build an even more accurate and reliable model,
with a complete quantification of uncertainties arising from the modeling of pool boundary conditions.
Finally, the present detailed simulation may be adopted to also improve the performance of low fidelity
models such as integral ones. Indeed, it can provide computational data useful to derive information

about the influence of physical phenomena and different atmospheric conditions on the gas dispersion.

6. Conclusions

The modeling of gas dispersion from an LNG pool, replicating two of the well-known Burro test series,
i.e. Burro 8 and Burro 9, has been analyzed in detail to shed light on the treatment of the LNG inlet
conditions, in order to build a more accurate CFD model for the analysis of this hazardous gas releases.
In particular, a calibration based on a UQ technique is developed, for the first time, to set optimal values
of two fundamental parameters, i.e. the pool radius and the inlet gas mass flow rate. Indeed, these

values are not known a priori but they are crucial for the gas dispersion behavior. Contrarily to previous

works, the influence of convection and diffusion has been analyzed leading to the conclusion that both

of them should be considered in the LNG pool inlet conditions Ja-the-tests; ENG—is—spilled-over-a—water
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- Interestingly, the optimal setups
were found to be strongly dependent on the wind conditions. For the Burro 8 test, showing the lowest

wind speed, diffusion has a significant role and the optimal set indicated a mass flow rate (90 kg/s) which

is rather close to the LNG spill rate (113 kg/s) with a slight dependence on the pool radius. Fa—sueh

eradients-abeve-the-peelaredarger— For the Burro 9 test, the importance of diffusion is lowered by the
higher wind speed and the optimal set indicated a mass flow rate of 85 kg/s, much different from the LNG

spill rate (130 kg/s).

Predictions obtained with the optimal inlet conditions provided results that are in good agreement with

experimental data for both the temporal evolution of the methane mass measured downstream of the
pool as well as the cloud footprint, reinforcing the reliability of the present calibration methodology. It

is worth mentioning that the optimal set was identified by minimizing the errors between experimental

and CFD results on the LFL (5%) concentration maps. Hewever—furtherimprovements-may be-achieved

Besides, two different values for the turbulent Schmidt number have been tested, i.e. Sc¢; = 0.4 and
Sc; = 0.7. Indeed, this parameter is fundamental for gas dispersion and its value has a major impact
on the gas cloud dimensions. Results show that the value S¢; = 0.4 gives better agreement with the

experimental data with respect to the other one which, however, is the most common used in the literature.

Summarizing, the present work has highlighted the need of imposing boundary conditions at the LNG

inlet taking into account both diffusion and convection, although their mutual importance is different for

different wind speeds and ABL characteristics. Related-issuesarehow-to-give-the-inlet-conveetive-veloeity;

e how—to—<e he TN

mass—beeatse-of-the—diffusion—+term- Stochastic UQ and parameters calibration show that for low wind
speed the crucial parameter is the mass flow rate, which has to be calibrated in order to satisfy the

constraint on the methane mass in the domain, while the LNG pool radius has a minor effect on the
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result accuracy. Conversely, for larger wind speed, both the mass flow rate and the LNG pool radius have
a significant impact. Finally, the same stochastic UQ methodology could be used to quantify the impact
of other uncertain parameters, such as the wind speed and direction, on the CFD predictions of this kind
of problems. We believe that the present methodology can help to understand the physical processes
behind the simulation of gas dispersion from LNG pools and improve the accuracy of CFD models in
predicting the dimensions of flammable zones, enabling thus a better design of mitigation measures.
Further improvements could be devoted to an optimization based also on lower methane concentration
values, such as 1% and 2.5%. Besides, the variability of other parameters influencing the gas dispersion,
like wind speed and direction, could be considered in future works, as well as the use of other turbulent

Schmidt number values.
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Appendix A. Results for non-optimal conditions

To have a complete understanding of the simulations behavior when non-optimal boundary conditions
for the LNG pool are used, Fig. represents the footprints of the concentration maps in some of these
cases.

For both the Burro tests considered here, two couples of points in the quadrature points space are chosen.
In particular, the couples (R = 18.2 m, 7 = 88.63 kg/s and R = 20.6 m, rn = 90.39 kg/s [« Burro
8 test and (R = 14.7 m, h = 77 kg/s and R = 14.6 m, mh = 6.19 kg/s) for Burro 9 test, have been
considered. All these couples of points respect the constraint of the mass present in the domain but they

present higher values of the error on the length of the 5% concentration map with respect to the optimal

condition.
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Fig A.1: Comparison between CFD results and experimental data in non-optimal conditions for Burro 8 (left column) and
Burro 9 (right column) tests.
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frasetta che spiega il vantaggio dell'approccio e comunque che cosa succede rispetto alle condizioni non ottimizzate

più che altro non è conservativo e quindi, dal punto di vista della sicurezza, bisogna stare attenti quando si scelgono queste comdizioni 
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