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Introduction

The simulation methodology specifically developed for a mainstream commercial

CFD toolset:

* behaviour of LNG spills from their initial release
* spreading on the water surface

* Rapid Phase Transition (RPT)

e subsequent dispersion

Robustness of the combined approach is unique!
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Introduction

A complex release scenario in a framework of a commercial project - an LNG spill

between FLNG vessel and LNG carrier

e calculate the size of the flammable cloud

e determine the resulting overpressure due to an RPT event

Particular interest for deterministic risk assessment in the expanding LNG sector
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ity of specific findings
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Scenario description

loading arms

FLNG vessel

§ ' 7LNG carrier

LNG carrier moored alongside
an FLNG vessel

700.00 (m)

®* Proximity of both vessels - shape and propagation rate of the LNG layer, and the
subsequent gaseous cloud

* Failure in the FLNG process train with an LNG release rate of 1020 kg/s and the
duration of 76.2s Q
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Scenario description

Agreed LNG composition: CH, - 78.76, C,H, - 12.31 and C;H, - 8.93 mass %

The sea and air temperature set to 25°C, with the wind speed of 0.5 m/s at the
reference height of 50 m
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Liquid layer dynamics

Dispersion simulations

* prediction of cloud behaviour
* large simulation domains
Liquid layer

* just few millimetres thick

* very fine grid spacing needed
Local liquid surface instabilities

* small time-steps required

These constrains make such :
solution

CFD simulations prohibitively

expensive!

>

2D approximation of the liquid layer
coupled to a larger, 3D ambient

domain for dispersion analysis

]
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Liquid layer dynamics
General purpose CFD codes require multiphase formulation

Ambient domain with
variable composition

LNG spill source mixture (gaseous LNG + air)

k\___ 2D multiphase flow
; (LNG + air)

3
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Liquid layer dynamics

Multiphase formulation of the liquid layer

— applicable in most of general purpose CFD codes

Definition of liquid fraction (7;y) in a 2D multiphase domain
hineg = rLNGhlayer

The rest of the 2D multiphase domain (1-7; ) occupied by entrained air

= %008°



Liquid layer dynamics

Source approximation
®* LNG release height (h,-.;) determines the liquid velocity at the point of contact with

water

ULNG@source — 29 hrel

®* The initial point of a spreading LNG layer defined as a volumetric source with the

diameter (dgyyrce)

MiNG@rel

TLNG@source — >
PLNGULNG@source (0.2 Sndsource)

It determines the LNG volume fraction of the source (1, yc@source)-

= %008°



Liquid layer dynamics

Source approximation

’ 0.8 m source

0 30.000 60.00 (m)

I 0O S
15.000 45.00

Location of the liquid layer source between two vessels
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Liquid layer dynamics

Source approximation

* Preservation of kinetic energy:

. MiNG@rel D MiNG@rel
Uurn G@source —

. —
PLNGTLNG@source (0-2 57Tdsource) PLNGTLNG@source (T[dsource hlayer)

* Definition of the appropriate height of the liquid layer simulation domain:

hlayer = 0.25d5yrce
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Liquid layer dynamics
Spreading of the liquid layer
®* Multiphase formulation of the mass transport equation for LNG

mLN G@rel
2
hlayer (0-2 Sndsource)

0¢(prneTing) T 0i(PLNGTLNGU:) =

®* Complimentary transport equation for the ambient air volume fraction

mLNG@rel Pamb 1- TLNG@source
B )+ 0 (PambTamplUi) = ( ) < >
i - hlayer (0-2 57Td§ource) PLNG TLNG@source

For the presented model, the homogenous multi-phase formulation was selected.
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Liquid layer dynamics

Spreading of the liquid layer

viLiq
InfLig2Air Side 1

1.697e-001
1.272e-001

8.483e-002

4.242e-002

2.171e-006

Liquid volume fraction distribution 20 s from the start of the release
for one of the tests
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Liquid layer dynamics
Domain interface exchange

Coupling between the liquid layer and the ambient domain via source terms:
* volumetric source terms in the 2D liquid layer domain

interface source term in the ambient domain

Asymmetric approximation of mass exchange between the liquid layer and the
ambient domain:

J
0:(PLneTing) + 0i(PLnGTinGUi) = -+ — hlevap
ayer

J
0t (Pagmp Ye) + 0; (Pgmp Y tt;) = <+ Yy evap
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Liquid layer dynamics
Domain interface exchange

Sensitivity of the 2D liquid layer domain to mass source and sink terms

compensation of volume outflow rate associated with LNG boiling

source term for the ambient air volume fraction in the liquid domain

PLNG

J Pamb
at(pambramb) + ai(pambrambui) = -t hevap ( — )
layer

source term for the momentum transport equation for the gaseous phase

at(pambrambuj) alr aiui(pambrambuj) —

_(pambramb ) It (pambramb )

hlayer hlayer

These additional source terms are only required due to the multiphase formulation

they may not be required if the shallow water or VoF models are available q%
>
Q

17



Liquid layer dynamics

Domain interface exchange

Results of a model test using a constant LNG evaporation mass flux je,q, 0f 0.2 kg/m?s

]

- 00"\



Boiling regimes and RPT

LNG saturation temperature at atmospheric conditions is -162°C
—> in contact with water it starts to boil

* evaporation mass flux (jeyqp) in different LNG boiling regimes
® Jevap 0f 0.02 and 0.3 kg/m?s have been recorded

®* constant evaporation mass flux approximation and Rapid Phase Transition (RPT)

* introduction of different boiling regimes in the modelling procedure
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Boiling regimes and RPT

Rapid Phase Transition (RPT) is the result of the LNG layer superheating

instantaneous release of thermal energy when maximum superheating reached

formation of a pressure wave

Toos (-108°C)

positive buoyancy

Ah
evaporation heat

1

L.

' initial

, saturation
1 .

' conditions

T..: (-162°C)
saturation temperature

LNG temperature - enthalpy diagram with marked initial saturation conditions, super-
heating, RPT and further heating of the gaseous LNG
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Boiling regimes and RPT

Boiling diagram relates the temperature difference (T\, qter — Ting) With
the resulting heat flux to the LNG layer (q¢yqp)

nucleate boiling

max heat flux = film boiling

N
£
)
-
[ m—
=9
®
g
(-2

initial LNG-water
contact

vapour film collapse

10 100 LNG boiling curve
Toater - Tung 1°C] (based on Sciance et al, 1967)

Based on the heat flux g4y, the associated evaporation mass flux is

! _ Qevap
Jevap A hevap Q
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Boiling regimes and RPT

Film boiling regime

Thermal state of the water surface is not directly included in the current model

— it needs to be approximated by an empirical correlation

®* evaporation mass flux decreases with the contact time
®*  maximum j,.y IS at the point of the initial LNG jet impingement

* tracking and recording of the local contact time

1, TILNG >0

0t = H(r;ne), Where H(rine) = {
ttcont LNG LNG 0, NG <5
® evaporation mass flux in the film boiling regime (US Coast Guard, 1980)

Jrim = jmax — Atcont  Where jmax = 0.38 —~ and 4 = 0.015 —=

k
m2s m2s
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Liquid layer dynamics

Film boiling regime

Contact time simulation test - evaporation mass flux between the vessels after 20 s
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Boiling regimes and RPT

Transition boiling regime

Vapour film collapses when
(Twater 4 TLNG) < 70 to 80°C

* direct contact between LNG and water surface
* |owest temperature difference determined by the surface temperature Ty, 4¢er

* film boiling regime curve & evaporation mass flux as a function of contact time —
contact time (t.,-;¢) to reach LNG boiling crises

1. o 0
Lerit = P (]max 4 Ahz—zap (ATmin/1 C)0'923389) , Where ATy, = 80°C

* t > t.it — heat flux from water to the LNG layer increases to ¢,,,qx

]
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Boiling regimes and RPT

Transition boiling regime

®* LNG evaporation utilises only a part of available heat transfer to LNG
k

. w . kg
Ahevap]max < Qmax where qmax = 300 — and jyax = 038%

m?2

®* LNG layer superheating leading to an RPT event

Transition boiling simulation test - evaporation mass flux between the vessels after 56 s
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Boiling regimes and RPT

Rapid phase transition

Triggering of an RPT event when Ty reaches Ty,

* T.qx Was set to 191 K as proposed by Melhem (2006) for a similar LNG composition

* sensible heat in the form of LNG superheating is released causing rapid evaporation

JRPT
9+ (prnGTing) + 0i(PLnGTLNGU:) i
layer
JRPT
ayer

where hsupe‘r' & Cp (TLNG iy Tsat)

® evaporation mass flux limited by sonic speed of the surrounding gas

JRPT = PgasCqgas where Cgas = +/ YRTsqt
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Boiling regimes and RPT

Rapid phase transition

RPT simulation test - evaporation mass flux between the vessels after 55.4 s
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Boiling regimes and RPT

Nucleate boiling

LNG superheating (hgyper) decrease to zero — RPT concludes
remaining LNG is well mixed with water — nucleate boiling regime
small temperature difference — direct contact between LNG and water

maximum evaporation mass flux (j,,qx)



Dispersion

Transfer of evaporation mass flux from the liquid layer to the gaseous
ambient domain

B 0 (Pamp Vi) = -+ 1

Velocity
04

04

0.3

Imposed initial velocit.

(=]

field due to cross-windk>®
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Dispersion

Dispersion of gaseous LNG cloud mostly depends on its buoyancy

LNG evaporation spread of cold gaseo

— Tttt ettt ettt —

_ _

* initially, negatively buoyant gaseous LNG

* freely flows above the water surface due to higher density
®* cloud needs to heat-up above -108°C to become positively buoyant

* cloud lift-off strongly enhances its dispersion
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Dispersion

Dispersing cloud of gaseous LNG (1 and 10% mass fraction isosurfaces) after 320 s
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CFD simulation results and discussion

Presentation of CFD results only for the process train release case

Two main objectives
* volume of the flammable cloud and its distribution

®* overpressure approximation due to RPT
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CFD simulation results and discussion

Flammability limits and volume of the cloud

Time=0[s]

Lower (4.5%) and upper (15%) flammability limit of gaseous LNG at 25°C
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CFD simulation results and discussion

Flammability limits and volume of the cloud

1,200,000 : - - Process spill - no RPT model
| iduration of

ithe LNG releasé == Process spill - RPT model included
1,000,000 i i

800,000
600,000

400,000
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200,000

0

Time variation of the gaseous LNG flammable volume

°* LNG remains present between both vessels longer

'&
®* negative buoyancy of the gaseous LNG and the time required for the cloud Iift-dfﬂ S



CFD simulation results and discussion

Overpressure approximation

®* LNG layer superheating constrains an RPT event

small amount of LNG involved — effect on the dispersion process is limited

* formation of a pressure wave
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CFD simulation results and discussion

Overpressure approximation

Time = 54.9951 [s ]

Pressure wave after the RPT event — overpresure isosurface of 400 Pa
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CFD simulation results and discussion

Overpressure approximation

Time =54.9951[s]

Cross-section of the over-pressure field (—2 kPa < Ap < 2 kPa) after the RPT event
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CFD simulation results and discussion

Overpressure approximation

——RPT model - sonic evaporation
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Time variation of the maximum
Time [s] overpressure during the RPT event

®* maximum overpressure exceeds 110 kPa
®* pressure peaks occur close to the water surface with temperatures near -162°C

®* combination of high pressures and extremely low temperatures

— significant risk of structural failure

]
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Further challenges and conclusions

e generic approach that can be used in most CFD codes with multiphase flow
capabilities

* many modelling simplifications especially in formulating the effects of different
boiling regimes

* incomplete data as only a single source for the boiling curve definition is
available

* energy transport equation in modelling the LNG liquid layer and quantification
of heat transfer between the water and the liquid layer
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Further challenges and conclusions

* CFD simulation of the FLNG process train failure to demonstration the capability
of the developed methodology

e estimate the size and behaviour of the flammable cloud generated by the LNG
spill

* horizontal spread of the flammable cloud due to negative buoyancy and
reduction of fire related risk

e overpressure due to an RPT event exceeds 110 kPa

risk of structural failure due to high pressure loading at low temperatures (-162°C)

Need for further parametric studies to determine sensitivity of RPT events and their

]

conseguences!
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