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Abstract

The challenges of ensuring green shipping and green ports force ports to adequately and safely
implement engineered systems for the distribution and supply of LNG in port areas that meet
the requirements of Seveso Directive. As the process of LNG bunkering is only seemingly
similar to classical oil bunkering or liquid cargo, the handling of the technical and safety
challenges is much more subject to investigation. In this work, the dispersion part of the
consequences of LNG release, pooling, evaporation and dispersion during the future bunkering
operation in the port of Koper, Slovenia, where the populated area (city) is located in close
proximity. We follow the comparison of three different tools, namely the model Unified
Dispersion Model (UDM) implemented by the software PHAST from DNV-GL® and two CFD
(FDS - Fire Dynamics Simulator from NIST and Ansys Fluent®) in the same case scenario.
Geometry, initial and boundary conditions are assumed to be the same as far as possible
according to the limitations of the respective software tools. The simulation tools are first
applied to a flat terrain model and later the models of CFD are compared, including the 3D
geometry of the dock site in real size, with two relevant wind directions. The effects of
evaporation rates on water and turbulence on CFD estimates are also given and numerically
tested. The results of the applied models provide valuable information for further establishment
of similar LNG leakage and dispersion models for simulation in ports or similar facilities.
Keywords: LNG, bunkering; risk assessment; dispersion; CFD; UDM model

Abbreviations

CFD Computational Fluid Dynamics

FDS Fire Dynamics Simulator

LNG Liguefied Natural Gas

UFL Upper Flammability Limit

LFL Lower Flammability Limit

PTS Pipeline To Ship bunkering system (also Shore to Ship)
STS Ship To Ship bunkering system

TTS Truck To Ship bunkering system

UDM Unified Dispersion Model



1 Introduction

Pollution prevention in the maritime industry (IMO, 1997) has led to significant interest in the
use of Liquefied Natural Gas (LNG) as an alternative clean maritime fuel instead of fuel oil.
However, conversion to LNG fuel is a lengthy process that faces many obstacles, such as major
technical differences in engines, logistics, and supply infrastructure. LNG is a cryogenic liquid
produced by cooling natural gas to about -163 °C (110 K) to reduce its volume by a factor of
about 600. While the safety of large LNG carriers and their associated regasification terminals
has been the subject of much study in the past, the coming widespread use of LNG as a fuel
will require the design of marine bunkering operations, usually in or around port areas. This
brings a new dimension to the safety of ship operations in ports and has been the subject of
extensive literature reviews (Aneziris, 2020). Several standards, guidelines and regulations
related to LNG fuel technology are rapidly becoming available to cover the technical and
organizational requirements. In addition, the limited amount of scientific work on risk
assessment indicates that there are still many unanswered questions due to the specific
properties of LNG, e.g.: Vapours have an initial negative buoyancy, the evaporation rate during
spills is still uncertain, or the vapour can sustain rapid phase transition phenomena (RPT). In
addition, the effects of light hydrocarbons in LNG composition affect flammability limits and
other properties (Sandia, 2014; Cleaver et al., 2007; Pio and Salzano, 2018)).

The prime issue in planning LNG bunkering operations in ports is the concept of safety
distances (exclusion zones) that need to be established and ensured to prevent potential damage
to the adjacent port or other civil activities in the vicinity (1SO, 2015). Recent work and studies
(Alterman, 2005; Aneziris et al., 2014; Sun et al., 2017; Jeong et al., 2017, 2018; Animah and
Shafiee, 2020; DNV, 2012; Rambgll, 2013) suggest that this is a challenging task - here are the
key points:

e During the bunkering process (either truck-to-ship (TTS), pipeline-to-ship (PTS), or
ship-to-ship (STS) design), a potential LNG release at the bunker interface (loading
hoses or arms used) is most likely due to a connection failure (internal or external cause).
Various leak sizes or ruptures may occur, of which a full bore rupture at the liquid phase
line should be considered as a conservative option.

e Released LNG forms a jet and flows into the pool that forms (onshore or offshore) below
the release point. Due to the much higher temperature of the environment, the LNG will

quickly vaporize and form a flammable cloud that will be carried away by the wind



(note that RPT - a rapid phase transition, a local physical explosion at sea is also
possible).

e The flammable cloud is subject to movement and dispersion in the ambient air,
depending on terrain geometry (e.g. port infrastructure, ships, coastal elevation, etc.).

e When the flammable cloud is ignited, it burns as a flash fire back to the source, resulting

in one or more additional phenomena such as jet fire, pool fire.

According to these key points, the flash fire is the most credible scenario in the case of delayed
ignition of vapour cloud of LNG. That is, the flame propagation is rarely considered to be able
to accelerate and, consequently, to generate severe pressure wave in open environment, as in
for the vapour cloud explosion (VCE) scenario. This assumption is soundly based on the low
overall reactivity of cryogenic methane cloud, hence at low temperature and often forming non-
homogeneous stratified layers (Pio and Salzano, 2018). Furthermore, bunkering areas are rarely
characterized by highly congested geometry, which is an essential condition for the flame
acceleration (according to the Schelkin effects, see CCPS (1994) and Tufano et al. (1998) for
more details).

The purpose of this paper is to address three of the above issues. First, a review of the available
studies that report on the methods and tools used to evaluate the evaporation rate from a pool
formed over water (sea). Indeed, the work and experimental data suggest that the formation of
the LNG pool over deep water is a complex process and that its modelling and the consideration
of the total evaporation flux (starting point for the dispersion of the flammable gas) deserves
special attention (Fay, 2007; Horvat, 2018). Two, port-specific safety studies (e.g., DNV, 2012;
Rambgll, 2013) commonly use integral dispersion models such as the Unified Dispersion
Model (UDM) implemented in the PHAST software (DNV GL, 2017a, 2020). These models
cannot account for complex terrain geometries and spatial obstacles in the model domain, as
mentioned in the points above. To this end, many papers and some case studies also use some
of the available CFD modelling tools that can adequately account for complex geometry in a
3D model of the case (Hansen et al. 2009; Jeong et al., 2017, 2018; Horvat, 2018; Park et al.,
2018; Rambgll, 2013; Scandpower, 2012).

Finally, as suggested by Park et al. (2018) and Horvat (2018), the dispersion is largely
influenced by the geometry of both the ships and the port facilities, as well as the actual wind
speed and direction. This means that dispersion modelling must always be case-specific, down
to each potential micro-location, leading to difficulties in establishing generic safety distances

for the specific engineering arrangements involved in bunkering.



In this regard, the paper will explore these issues in the context of realistic ship-to-ship (STS)
bunkering operations between a bunkering vessel and a large container ship. In particular, we
will examine the available information on the LNG evaporation rate from the pools formed
above the sea surface, the available UDM dispersion model through the PHAST tool (DNV GL,
2017a, 2020) and two CFD dispersion modelling tools, namely the Fire Dynamics Simulator
(FDS) from National Institute of Standard and Technology (NIST) of the USA (McGrattan et
al., 2018) and the Ansys Fluent® (Ansys Fluent, 2021), as well as the effect of bunkering micro-
locations and local meteorological conditions on the dispersion into the ambient air. To our
knowledge, such comparative modelling of potential LNG evaporation and dispersion has not
yet been reported in the context of assessing safe distances for bunkering operations.

In Section 2.1, we will review the available literature on experimental and modelling
information on realistic LNG evaporation rates for spills that form a pool over deep water and
propose new data for consideration. In Section 2.2, we will explain the UDM dispersion model
used (part of the PHAST tool) through the details of the case study (Section 3). In Sections 2.3
and 2.4, we will explain the approach to modelling the dispersion using two alternative CFD
models, namely FDS and Fluent. In Section 3, we will present the modelling case situation of
LNG STS bunkering that will take place in the future in the port of Koper, Slovenia. We will
cover selected alternative micro-locations, taking into consideration all relevant site
characteristics (terrain, sensitive areas and meteorological data) and the details of the LNG
release scenario. In Section 4 we will present and discuss the results, starting with the UDM
modelling, followed by a comparison of the results of UDM, FDS and Fluent models for the
case of flat terrain and finally the results of FDS and Fluent for the realistic case of terrain,
micro-locations and meteorological conditions of the port of Koper. In Section 5, conclusions
are given on the case modelling results, the epistemic uncertainties addressed and the

applicability of the results to the development of safety distances.

2 Methods, tools and data used

2.1 Evaporation rate from pools over deep water

Few data for small scale LNG releases — which may be considered typical for STS operations -
are available in the literature. According to Luketa-Hanlin et al. (2006), the mass evaporation
rate m., can vary between 0.029 to 0.185 kg s* m2as a mean value. This range of values could
be considered for CFD or other purposes, in the absence of more accurate values. Quite clearly,

uncertainties arise from pool dimension (effect of Reynolds number), pool formation (discharge



rate) and atmospheric conditions. The given range is however confirmed by several
experimental tests. On average, the pool is considered at 112 K, the atmospheric and water
(when applicable) temperatures are 298 K and 293 K, respectively. The experimental tests of
the Bureau of Mines, as reported by Burgess et al. (1972) have evaluated a value of 0.181 kg s
'm2and 0.155 kg st m. Sandia (2004) measured a value of 0.195 kg s* m. On the contrary,
Luketa-Hanlin (2006), in the well-known test of Maplin Sands measured 0.085 kg s m
(possibly due to the large pool scale and the inverse relation with the pool radius). Most of the
simplified studies have adopted 0.181 kg s m as a reference value, following a conservative
approach. However, similar evaporation rates have been largely associated with the case of
LNG pool fire as well (Fay, 2006). Hence, the implementation of similar values for
dispersion/potential flash fire scenario implies an arguable assumption of the negligible effect
of heat generated by the flame above the pool on the evaporation. In this view, the adoption of
a more fundamental-based approach is desirable. Among the others, Klimenko’s model
(Klimenko, 1981) estimates the heat transfer coefficient based on Nusselt, Prandtl, and
Archimedes numbers in case of liquid evaporation on a calm liquid surface. The presence of
the latter dimensionless number suggests the significance of the effect of a dense cloud of fuel
vapours in the proximity of the pool on the evaporation rate. Conrado and Vesovic (2000) have
validated the abovementioned model for the LNG case, as well, obtaining an evaporation rate
0f 0.072 kg st m2. Eventually, the effect of water turbulence can be assessed separately. Indeed,
an experimental campaign on lab-scale facilities conducted by Morse and Kytémaa (2011) have
observed an almost linear trend for the water surface turbulence intensity for LNG evaporation
rate. Experimental contingencies (i.e., ice formation) have limited the analysis to velocity
fluctuation smaller than 0.1 m s, in agreement with theoretical treatment reported by Vesovic
(2007) supposing an abrupt decrease in the surface temperature of water and ice formation in
the case of confined and shallow-water surfaces. Nevertheless, in the first approximation, an
extrapolated value has been reported for the case of null velocity fluctuation, assuming a linear
trend (i.e., 0.053 kg s* m?). The reported value results in substantial agreement with the
theoretical-based estimation reported by Conrado and Vesovic. Eventually, we will consider

two values: the conventional at 0.181 kg s™* m?, and the alternative at 0.053 kg s> m.

2.2 UDM dispersion model & tool used

Standard off the shelf methods and tools are widely used to model the consequences of the
releases of hazardous materials. In that respect, we used an integrated software package DNV
GL PHAST version 8.22 (DNV GL, 2020). The programme tool already contains a database
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with the properties of pure substances. The programme uses the Unified Dispersion Model
(UDM) to model jets, dense, buoyant and passive dispersion including droplet rainout and re-
evaporation (DNV GL, 2017a). The model allows for continuous, instantaneous, constant
finite-duration, and general time-varying releases; nevertheless, time-varying releases are
treated as a series of a maximum of 10 pseudo-steady-state steps, thus providing only a rough
representation of the trend over time of the release characteristics.

The modelling was limited to the use of the user-defined release case, prescribing the LNG
release rate & duration at the set process and case conditions (later reported in Table 1),
resulting in data on the LNG pool formation and downwind distances to UFL, LFL and LFL/2
concentrations in ambient air (16.5 %, 5 % and 2.5 % vol., respectively).

Related to the topic of this paper it is worth to note that the built-in modelling considers the
conventional LNG evaporation rate from a pool on the water at 0.18 kg s* m? (DNV GL,
2017b), adopted from Burgess et al. (1972).

2.3 CFD dispersion modelling using FDS tool

A simplified 3D layout, representative of the bunkering terminal and nearby city, was
implemented in FDS for the characterization of accidental release of LNG on water, by using
the user-friendly interface PyroSim (McGrattan et al., 2020). The time-depending properties
were visualized using the SmokeView tool (SMV). FDS is an open-source software developed
by the National Institute of Standards and Technology (NIST) suitable for the modelling of low
Mach problems. It is based on the Large Eddy Simulation (LES) approach as a low-pass filter
for Navier-Stokes equations and it has been extensively validated for accidental release of LNG
(Sagaut et al., 2002; Zhang et al. 2016, Pio et al. 2019, Zheng et al. 2019).

2.3.1 General description of the geometry

Figure 1 shows the 3D computer-aided design (CAD) model for the geometry model general
arrangement including the LNG bunkering ship, the port basin, and the nearby town. The
geometry is imported into the PyroSim software (McGrattan et al., 2020) where the natural gas
dispersion is simulated with FDS code. The geometry is designed in a real size dimension and
covers the area of the container terminal, the basin, the cruise ship terminal and the populated
area of the town centre. The main obstructions that could influence the dispersion of the gas are
included in the 3D model and represent container blocks, warehouses, and other elevated
buildings. All the obstructions are geometrically square blocks and are thermally inert. The

Triple E class container ship is placed by the pier 1 berth 7 and is moored on its starboard side
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with a 100 m long LNG bunkering ship. The lateral distance between ships is 4 meters what
forms a partially closed water channel with an area of about 300 m?. The geometry of the town
centre is designed according to the actual altitudes and the position of buildings and main
streets. The configuration of the town terrain is a hill shape and has the highest point about 15
meters on the side towards the container terminal. The altitude is then dropping to 3 m at the

boundary of the designed town geometry.

2.3.2 Scenario modelling

The gas dispersion caused by LNG leaks during bunkering accident was simulated with the Fire
Dynamics Simulator (FDS) (McGrattan et al., 2018). The gas dispersion is simulated using LES
in FDS where Favre filtering is used in the momentum equation, mass, energy, and species
combined with state equations for ideal gases. In the present study, the source term m,", the
mass flux of the methane species is added to the species transport equations and is defined on
the boundary of the modelled LNG pool. The simulation of combustion is avoided in this study
as the main interest is to find the area that could be affected by the concentration of the methane
gas.

The 3D domain size is 1115x953%83 m and was discretized with finite volume meshes having
a resolution of 2x2x0.7 m. The space discretization of the mass equations, motive quantity and
heat energy is derived with the method of finite difference in the central differential scheme in
a square net. The time discretization of the transfer equations is made on an explicit scheme of
predictor-corrector. After the grid independence analysis for gas dispersion, a total of
24,000,000 cells was used, and the cell aspect ratio was set to 3x3x1 in the Cartesian coordinate
system. In x and y directions the size of the cell is not optimal but fits the simulation
convergence criteria.

The transient calculation is set to 400 seconds, as the results showed later the LFL/2
concentration is not any more present after that time (in fourth micro-simulation reported in
coming section 4.3.1 this was doubled). The main points of the observations are the methane
concentration distributions at 5 and 2.5 % by volume, corresponding to the LFL and LFL/2

concentrations, respectively.

2.4 CFD dispersion modelling using Fluent tool
Other than the turbulence sub-model, the numerical characterization of cloud dispersion

performed by using Fluent utilized the same boundary conditions and domain defined
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previously for the FDS case. Indeed, accidental releases of LNG either in the presence or
absence of obstacles representative for the port layout were tested under different atmospheric
conditions and by using different source sub-models. In this case, the Reynolds Average
Navier-Stokes (RANS) approach has been implemented using the k-& closure model. Smaller
accuracy in spatial and temporal discretization should be required with respect to the LES
approach, due to the number of eddies evaluated. However, the differences in the filtering
process have the potential to generate significant variations in the proximity of walls. Readers
may refer to the technical guide of the mentioned software for a detailed discussion on the

adopted governing equations and posed hypotheses.

3 Case study

The port of Koper is a multi-purpose port located in the north Adriatic sea. Located directly in
contact with the old town centre, it is always subjected to safety assessments, as the port
activities have potential risks to the neighbouring population. The strategy of the port is also to
provide, in the near future, the possibility of LNG bunkering for all or at least some types of
ships. Potentially, the most promising are container ships and cruise ships. Terminals for both
types of ships are located in basin 1, on the north side (berth 7) serving the container ships and
the passenger terminal on the south (berth 1) serving cruise ships. The closest populated area is
about 50 meters south of berth 1. The houses in the old town are about 10 m above sea level.
The case study assumes the two most probable positions of receiving and bunkering ships,
namely, berth 1 and berth 7. The receiving ships are assumed to be large: the container ship is
a size of a triple E (length of 400 m) and a passenger cruise ship length is about 350 m. The
height of the receiving ships is also important, because compared to the size of a bunkering
ship, they represent a wind barrier that can keep them in a leeward from the wind. The situation

and 3D model are presented in Figure 1.

(Figure 1)

3.1 Meteorological situation
The relevant meteorological data for the Port of Koper were obtained the from port's automatic
meteorological stations. The wind rose profile for the year 2020 is presented on Figure 2. It can

be concluded that the dominant wind speed is at about 2 m/s, the prevalent wind direction is



from the east-south-east (direction at about 110°), followed by west-north-west direction
(direction at about 300°).
Accordingly, the wind speed was set to 2 m/s at the height of 10 m above the sea and the
atmospheric boundary layer is assumed using Monin-Obukhov similarity theory (McGrattan et
al., 2018). Both mentioned wind directions were further considered in the modelling.
The initial temperature of the atmosphere was set to 20 °C at 50 % relative humidity. The
boundary land surface was created under adiabatic conditions, and the other boundary
conditions were set as open to simulate general inflow and outflow conditions. The sea surface
is applying the water thermal properties to simulate the heat transfer between cold natural gas
and sea surface.

(Figure 2)

3.2 Release scenario
The technologies usually consider operations with LNG stored at about -164 °C (109 K) and 6
bar pressure difference at the ship-to-ship bunkering interface (Rambgll, 2013; Scandpower,
2012). The hoses used are DN150 size and a typical flow rate considered is 350 m® h! delivered
by the submerged centrifugal pumps. In the case of the hose rupture, the release from the liquid
phase branch is the most important and due to the pumps impeller, the flow rate can increase
due to the pressure drop maximum by a factor of 1.2 to 1.5 (Rambgll, 2013). In this paper, we
consider a factor of 1.3. Considering the LNG density of 420 kg m™ this brings to the expected
release rate of about 53.2 kg s™. On the other side, there are many safety systems planned to
stop small and large leaks, including the presence of the operators. As a rather conservative
estimation, we consider that the rupture is stopped within 120 s from the start.
The most important input parameters used in modelling by all three tools are summarized in
Table 1.

(Table 1)

Following the spill of LNG over the sea surface, transient evaporation and boiling of the natural
gas starts. However, the remaining LNG spreads over the sea surface as a pool. The modelling
of the pool formation and natural gas evaporation into the dispersion modelling is integrally
done within the DNV GL PHAST tool. Results obtained in the coming section 4.1 suggest that
the pool reaches the maximum size at 120 s and the largest area of about 300 m? considering

conventional pool evaporation rate of 0.18 kg s m. In FDS and Fluent models, we considered



the LNG pool formation data as presented in Figure 3 due to the necessary modelling

simplifications in the pool area evaporation.

(Figure 3)

The LNG pool forms in a channel between both ships (see description of the geometry in section
2.3.1) that is closed with a floating barrage at both exits as well as around both ships.

4 Results and discussion
4.1 UDM dispersion model

LNG pool formation, evaporation and dispersion results obtained using an integrated UDM
modelling tool are summarized in Table 2 and graphically presented as iso-concentration
contours over a map of the case area for two micro-locations and two wind directions in Figure
4. Results suggest that the LNG pool should reach the maximum diameter of about 28 m in
about 40 s (in a case of late ignition) and that it should evaporate completely within 15 s after
the release has terminated. Considering the dispersion in the ambient air, for example, the LFL
and LFL/2 concentrations are to be reached downwind at about 205 and 377 meters,
respectively. Figure 4 suggest that the flammable could reach large areas within the port, e.g.,
container terminal just north of berth 7, or fruit terminal just west to berth 1, as well as areas
outside the port (presented as dashed red line). In comparison, the west-north-west wind (at
300°) (Figure 4 situations B and D) is a worse alternative to the east-south-east wind (at 110°)
(Figure 4 situations A and C) for both alternative berth locations. Needless to say, the UDM
modelling does not consider the terrain elevation in the case area, e.g., port shore, port buildings

and city of Koper's elevation, streets and squares.

(Table 2; Figure 4)

4.2 Comparison of the results considering the flat terrain

The validation geometry that consists of a methane-emitting source and a flat terrain was used
by two CFD model results (FDS and Fluent) and compared to the UDM model results (DNV
GL PHAST). The source represents the confined LNG source of 300 m? with a conventional
evaporation rate (0.18 kg s* m?). The domain and the spatial discretization is of the same size

and the same number of grid cells, described above. The observation of results is focused on
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the calculation of the gas dispersion parameters: the cloud distance vs time at LFL and LFL/2
concentrations is presented in Figure 5, the cloud area vs time at LFL and LFL/2 concentrations
is presented in Figure 6, and the cloud height vs distance at 160 s is presented on Figure 7.
Figure 5 show the calculated cloud front side distances related to LFL and LFL/2 concentrations
are to some extent similar during the dispersion time for all three models. Maximum distances
to LFL concentration related to UDM, FDS and Fluent models are about 210, 220 and 150 m,
respectively. The distance-time profiles vary more clearly even if the order of magnitude is
consistent with the given uncertainties: the cloud dissipates at about 200, 270 and 303 s,
according to the UDM, FDS and Fluent models, respectively. Maximum distances to LFL/2
concentration related to UDM, FDS and Fluent models are about 380, 570 and 310 m,
respectively. The cloud dissipates at about 273, 470 and 330 s, according to the UDM, FDS and
Fluent models, respectively.

Figure 6 suggest that the maximum cloud area is comparable between UDM and FDS models
(about 15,000 and 35,000 m? considering LFL and LFL/2 concentrations, respectively;
however, for UDM we have only values at the max. cloud size time), while for Fluent maximum
cloud area is about 950 and 1800 m?, respectively.

Figure 7 provides part of the explanation for the differences among the models. Considering
the LFL concentration at 160 s, all three models report maximum cloud height at about 6 m. It
is worth noting that the height profile of UDM diverges from the profiles of FDS and Fluent.
Interestingly, considering LFL concentration, UDM and FDS models report the same distance
to height 0 m (200 m), whereas Fluent reports a value of 250 m. If considering LFL/2
concentration, the values are closer: FDS and Fluent models report 250 m, whereas UDM shows
a value of 270 m. To conclude, while the cloud profiles differ, the differences among the cloud

front distances reached are relatively minor.

(Figure 5, Figure 6, Figure 7)

4.3 Results considering the Port of Koper real terrain

The configuration of the berths and moored ships are pre-determined by port. Geometrically,
most of the influence on the fluid dynamics around the ship comes from the ship type and its
particular freeboard. The large freeboard represents a barrier to a downwind flow and a
significant source of vortices on a leeward side. This is mostly the case of a container ship
exposed to north or north-west wind. A series of three micro-simulation results are presented

considering the conventional LNG evaporation rate of 0.181 kg s m?. The first is when the
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container ship is moored at berth 7 at the north side of basin 1 and the wind direction is from
300°. The second and the third micro-simulations locate the cruise ship at the south side of
basin 1 at berth 1 and the wind directions are from 300° and 110°, respectively. Video
recordings of micro-simulations are available in section Supplementary material.

The first micro-simulation is presented as a set of methane concentration snapshots in time
obtained by the FDS model in Figure 8. The figures present the top view of the cloud, however
the longitudinal cross section is presented separately to indicate the influence of the ship hull
to the cloud movement. The presence of the ship importantly influences the dispersion of the
gas cloud, its shape and length. The figure shows the LFL cloud concentration at different time
steps, but the shape of the cloud is even not directed downwind but dilutes due to the vorticity
before reaching the mainstream of the wind.

The comparison of downwind distance and cloud area to LFL concentration vs time for FDS
and Fluent models for this micro-simulation is presented in Figure 9. We can observe that both
models agree very well related to the downwind distance vs. time profiles, however, Fluent
reports much lower cloud area figures. We can also observe that the maximum cloud distance

is about up to 30 % lower in comparison to the case of considering flat terrain (previous section).

(Figure 8, Figure 9)

The second micro-simulation is presented as a set of methane concentration snapshots in time
obtained by the FDS model in Figure 10. The dispersion of gas cloud concentration is observed
for the LFL concentration. The cloud is directed downwind along the shipside and reaches a
distance of about 400 m from the pool. In this case, the cloud does not reach the shore area but
remains and dilutes on a seaside. The comparison of downwind distance and cloud area to LFL
concentration vs time for FDS and Fluent models for this micro-simulation is presented in
Figure 11. The velocity of the cloud spread is near-constant along its path (FDS model). The
area that the gas cloud covers is at most about 16000 m?, which is more than three times larger
than in the first micro-simulation, but close to the area from the case considering flat terrain
(previous section). The reason is the dispersion of the gas is less influenced by environmental
geometry. The ship's position alongside the direction of the wind acts as a duct or channel and
is not a source of larger vortices that would contribute to faster dispersion of the gas. This
influence is observed especially because the size of the ship is much larger than the bunkering
ship and the pool size, and geometrically covers most of the observed gas cloud. On the other

hand, estimations obtained by Fluent indicate a flammable region limited to the ship boundaries
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(i.e., to the duct formed by the obstacles). The comparison of the area and size in the downwind
direction suggests that a less effective dispersion can be assumed with respect to the other
models employed in this work since only the direction driven by wind is characterized by
similar results. Considering that the reported results refer to a given distance from the sea level,
this discrepancy can be attributed either to the different estimation of fuel density with
cryogenic temperature leading to higher cloud or larger average concentration of the fuel within
the cloud.

(Figure 10, Figure 11)

The third micro-simulation is presented as a set of methane concentration snapshots in time
obtained by the FDS model in Figure 12. The dispersion of gas cloud concentration is observed
for the LFL concentration. It can be observed that even if the wind is oriented towards the city
the size of the container ship acts as a barrier and redirects the airflow along the seaside of the
hull to the direction of the general cargo terminal (east). In any case, the gas cloud stays during
the simulation within the port area limits.

The comparison of downwind distance and cloud area to LFL concentration vs time for FDS
and Fluent models for this micro-simulation is presented in Figure 13. Data resulting from the
LES simulations (i.e., FDS) indicate almost double downwind distances than the RANS case
(i.e., Fluent), confirming the relevance of turbulence modelling for the evaluation of dispersion
scenarios. Indeed, less accurate sub-grids filtering the eddies as per the evaluation of the
turbulence result in less effective mixing, leading to a higher concentration of fuel within the
cloud, thus smaller flammable areas. The analysis of the cloud distances and area vs. time shows
that the gas cloud reaches a distance of about 370 m and then disappears. The distance is similar
to the second micro-simulation, even though the maximum area of the cloud is about 25 %
smaller. The gas cloud is again canalised by the ship hull and is less perturbed, keeping the
slender shape along the hull. The influence of the vorticity caused by faster gas dispersion is
not visible and can be observed from the distribution of the cloud area during the simulation.
The velocity of the cloud spread (distance, area) is near-constant along its path till the stop of
the release at 120 s (FDS model). This indicates the cloud is not perturbed significantly during
its dispersion.

Similar trends describing the evolution of the cloud along with the time were reported for the

investigated scenarios, suggesting a limited impact due to the layout configuration.
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(Figure 12, Figure 13)

The comparison of the presented results from different scenarios indicates that either the
extension of the flammable area or the maximum downwind distance having a flammable
mixture are mainly affected by the congestion, with a limited impact on the considered
evaporation rate. Regardless of the implemented sub-model and layout, the evolution of the
cloud size to time can be represented by three stages: initial growth, pseudo-steady state, and
decay. However, after an initial phase, the presence of obstacles decelerates the growth phase
and reduces the duration of the pseudo-steady state stage. Considering that the evaporation rate
is kept constant at this stage, these trends imply that a higher average concentration of methane
is reached within the cloud. Hence, the occurrence of stratified mixtures can be hypothesized.
Hence, the estimation of the standoff distances in case of accidental release of cryogenic liquids
is strongly influenced by the selected height from the sea level. Besides, regular cloud edges
may be inferred by the smoothness of the reported trends from results deriving from Ansys

Fluent, only. Hence, this observation is affected by the sub-model considered for turbulence.

4.3.1. Results on alternative evaporation rate

The fourth micro-simulation considers the geometry of the first micro-simulation (described in
the previous section) and applies the alternative LNG pool evaporation rate of 0.053 kg s m™.
Assuming the same release conditions and same size of the pool, the overall pool evaporation
rate lowers leading to its long lifetime. The considered pool overall evaporation rate and the

cumulative amount vaporised vs time is presented in Figure 14.

(Figure 14)

The fourth micro-simulation is presented as a set of methane concentration snapshots in time
obtained by the FDS model in Figure 15. The dispersion of gas cloud concentration is observed
for the LFL concentration. We can observe that consideration of the alternative LNG
evaporation rate extends the duration of the flammable cloud in the modelling domain
considerably from about 300 s to about 750 s (compare to Figure 8).

Figure 16 presents the calculated distances to LFL concentration and cloud area vs simulation
time for FDS and Fluent models. The maximum downwind distances are about 90 and 110 m,

maximum cloud areas are about 3500 m? and 500 m?, for FDS and Fluent, respectively. While
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the difference in downwind distances is small (20 %), the profiles diverge, not mentioning the
profiles of cloud area vs time.
(Figure 15, Figure 16)

Estimations from the first micro-simulation (with conventional LNG evaporation rate) - Figure
8 and Figure 9, with results from fourth micro-simulation (with alternative evaporation rate) -
Figure 15 and Figure 16 can be compared for further insights. Results indicate that the
maximum downwind distance of the cloud to LFL concentration is in the fourth micro-
simulation case about 60 % longer and the maximum cloud area about 30 % larger than in the
first micro-simulation. Besides, we can compare both related micro-simulations for FDS and
Fluent in Figure 17 and Figure 18, respectively. We can observe that consideration of the
alternative LNG evaporation rate extends the duration of the flammable cloud in the modelling
domain from about 275 s to about 750 s (FDS) at +170 %, or from about 300 s to 750 s (Fluent)
at +150 %. While the alternative evaporation rate is at —70 % of the conventional, the maximum
downwind distance to LFL changes from about 160 m to 90 m (FDS) - thus by -44 %, or from
about 150 m to 110 m (Fluent) — this by -27 %. The maximum cloud area at LFL concentration
changes from about 5000 m? to 3500 m? (FDS) — thus by -30 %, or from about 700 m? to 500
m? (Fluent) — thus by about -30 %.

Hence, it is possible to conclude that the differences in maximum cloud distances and cloud
areas are smaller than the reduction in the evaporation rate considered. The reason for that is
that the same amount of gas evaporates into the air, however at about 70 % lower overall rate
from the formed pool. That is next related to the relatively stable wind conditions that allow the
formation of a homogeneous cloud. Its dispersion is mostly influenced by the vorticity
downwind of the ship which allows larger air entrainment into the cloud. The leeward area of
the ship acts as a shelter to the evaporated cloud that is kept low above the sea surface due to a
low temperature. The movement of the cloud in the first period after formation is governed
mainly by the negative buoyancy, which is thermally dependent. This is why the dispersion is
limited, keeping the gas cloud compact and allow its spread to a relatively large size comparing
to reduced evaporation rate. The gas cloud accumulated along the sheltered area of the ship
evenly enters the vorticity zone downwind the ship and allows larger air entrainment over the

boundary of the gas cloud and consequently faster dilution.

5 Conclusions
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The simulations of LNG spill and gas dispersion presented in this paper are limited to the most
credible scenario. The limits of the spill are based on guidelines and standards for marine
equipment engineering and are assumed to apply to technical failures and marine accidents in
ports. In these cases, LNG spill is predictable and controlled by the ship safety system including
emergency shutdown of the bunkering process. The leakage time, spill quantity and pool area
boundaries assumed in the model are derived from the assessed bunkering process and represent
the boundaries for the safety assessment. According to these assumptions, the three case micro-
simulations are verified using three different models, one UDM and two CFD. The results show
that all three models give comparable results for the gas dispersion distance in flat terrain,
although Fluent calculates a smaller area of the cloud in all three cases. The results of the
analysis of the results show a significant influence of the geometry around the LNG pool, i.e.
the large ship acts as a barrier increasing the vorticity when it is upwind of the pool and acts as
a channel when it is downwind of the pool. The UDM model does not account for the heights
of the geometry and is therefore not reliable for LNG spills where the vaporized gas cloud
remains stratified a few meters above the ground and is also strongly influenced by lower
structures such as piers, houses and moored ships. CFD should be considered for gas dispersion
in these cases with a defined gas evaporation rate obtained from experimental tests or simulated

separately and validated for a specific spill case.

Acknowledgement
The authors gratefully acknowledge financial support from Adriatic-lonian Program
INTERREG V-B Transnational 2014-2020, project #118: SUPER-LNG - “SUstainability

PERformance of LNG-based maritime mobility”.

Supplementary material

Micro-simulation 1.wmv — video recording of the first micro-simulation using FDS in section
4.3

Micro-simulation 2.wmv — video recording of the second micro-simulation using FDS in
section 4.3

Micro-simulation 3.wmv — video recording of the third micro-simulation using FDS in section
4.3

Micro-simulation 4.wmv — video recording of the fourth micro-simulation using FDS in

section 4.3.1
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(Link to files: Micro-simulation 1.wmv, Micro-simulation 2.wmv, Micro-simulation 3.wmv

and Micro-simulation 4.wmv)
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Figure captions

Figure 1. View of 3D geometry for the general layout of the port of Koper 1st basin and old
town. Large container ship (in red colour) is shown at berth 7 micro-location with bunker ship
(brown colour) on the right. Port area boundaries are shown with purple line. Equidistant red
circles are drawn every 25 m from the potential LNG release location.

Figure 2. Wind rose diagram of the case study location (applicable to berth 1 and berth 7

micro-locations).

Figure 3. Evaporative flux profile of LNG from the pool sea surface considered in the FDS

and Fluent models (considers conventional evaporation rate 0.18 kg s* m™).

Figure 4. UDM modelling obtained UFL, LFL and LFL/2 iso-concentration shapes (in red,
green and blue colours, respectively) presented over the orto-photo map of the case area
considering four situations. Magenta presents the LNG pool area. Thick circles represent the
potential effect zones. Situations A and B apply to the container ship at berth 7, while C and
D apply to passenger ship at berth 1 micro-locations; situations A and C consider wind from
west-north-west (300°), while situations B and D consider wind from the east-south-east
(110°). Note that the bunkering ship is not shown.

Figure 5. UDM, FDS and Fluent modelling obtained LFL and LFL/2 iso-concentration
downwind distance vs time profiles for the flat terrain validation case. Note that the case

considers the conventional evaporation rate.

Figure 6. UDM, FDS and Fluent modelling obtained LFL and LFL/2 iso-concentration cloud
footprint area vs time profiles for the flat terrain validation case. Note that the case considers

the conventional evaporation rate.
Figure 7. UDM, FDS and Fluent modelling obtained LFL and LFL/2 iso-concentration cloud

height vs distance downwind profiles, at 160 s from the start of the release, for the flat terrain

validation case. Note that the case considers the conventional evaporation rate.
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Figure 8. FDS modelling obtained views to the methane concentrations for the first micro-
simulation (container terminal, wind from west-north-west (300°), conventional evaporation

rate). Please note arrow with "wind" representing wind direction in the first image.

Figure 9. FDS and Fluent modelling obtained LFL iso-concentration cloud downwind
distances and cloud area vs time profiles for first micro-simulation (container terminal, wind

from west-north-west (300°), conventional evaporation rate).

Figure 10. FDS modelling obtained views to the methane concentrations for the second
micro-simulation (passenger terminal, wind from the east-south-east (110°), conventional

evaporation rate).

Figure 11. FDS and Fluent modelling obtained LFL iso-concentration cloud downwind
distances and cloud area vs time profiles for second micro-simulation (passenger terminal,

wind from the east-south-east (110°), conventional evaporation rate).

Figure 12. FDS modelling obtained views to the methane concentrations third micro-
simulation (passenger terminal, wind from west-north-west (300°), conventional evaporation

rate).

Figure 13. FDS and Fluent modelling obtained LFL iso-concentration cloud downwind
distances and cloud area vs time profiles for third micro-simulation (passenger terminal, wind

from west-north-west (300°), conventional evaporation rate).

Figure 14. Alternative evaporation flux profile of LNG from the pool sea surface considered

in the FDS and Fluent models (considers alternative evaporation rate 0.053 kg s m).

Figure 15. FDS modelling obtained views to the methane concentrations for fourth micro-
simulation (container terminal, wind from west-north-west (300°), alternative evaporation

rate).

Figure 16. FDS and Fluent modelling obtained LFL iso-concentration cloud downwind
distances and cloud area vs time profiles for fourth micro-simulation (container terminal,

wind from west-north-west (300 °), alternative evaporation rate).
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Figure 17. FDS modelling obtained LFL iso-concentration cloud downwind distances and
cloud area vs time profiles for conventional and alternative LNG evaporation rates -
comparison of scenarios 1 and 4 (container terminal, wind from west-north-west (300°).

Figure 18. Fluent modelling obtained LFL iso-concentration cloud downwind distances and
cloud area vs time profiles for conventional and alternative LNG evaporation rates —
comparison of scenarios 1 and 4 (container terminal, wind from west-north-west (300°).
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Table 1. Summary of important modelling parameters of the release scenario.

Parameter Unit Value

Source term data

Model substance released - methane
Temperature °C -164
Pressure difference at the release point (head)  bar 6
Hose diameter mm 150
Release rate kg st 53.2
Release duration S 120

Meteorological situation

Wind speed ms? 2

Wind stability category (PG) - D

Wind direction(s) ° east-south-east (110°);
west-north-west (300°)

Air temperature °C 25

Location data

Substrate type - deep water 2

Bund presence - none

Substrate temperature °C 20

Substrate surface roughness parameter (zo) m 0.005

Notes: # — a channel with open both ends is formed between both ships (UDM model).



Table 2. Summary of UDM modelling results for the release scenario

Parameter Unit Value

Max. downwind distance to the concentration of interest #

UFL m 85

LFL m 231

LFL/2°P m 420
LNG pool formed on the sea

Max. diameter (considering early/late ignition) m 14/28

Max./stationary pool inventory kg 540/120

Time till pool reaches a stationary diameter S 40

Overall pool duration S 135

Note:

& — Results are the same for both wind directions (from east-south-east and west-north-west).

b _ Flammable cloud duration is about 290 s.
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