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Abstract

After investigating gas dispersion on a cylindrical Floating Liquefied Natural Gas
(FLNG) platform [L], this second article focuses on assasnt of gas explosion by
using Computational Fluid Dynamics (CFD). Gas explosion simulations are carried
out to evaluate the explosion overpressure mitigating effect of safety gap. The Data
dump technique, which is an effective tool in resetting turbeldength scale in gas
explosion overpressure calculation, is applied to ensure simulation accuracy for the
congestion scenario with safety gap. Two sets of different safety gaps are designed to
investigate the safety gap on the cylindrical FLNG platforhe overall results
indicate that the safety gap is effective in reducing overpressure in two adjacent
congestions. However, for the eaplon scenario where the flame psopagating
through several safety gaps to the far field congestion, the safety ¢gmates
overpressure only in certain explosion protecting targets. Two series of artificial
configurations are modelled to further investigate the explosion scenarios with more

than two safety gaps in one direction. It is concluded that the optimal ggpty



design in overpressure mitigation for the cylindrical FLNG platform is to balance the
safety gap distance ratio in the congested regions.
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1 Introduction

Presently, engineers have been constructing increasingly more offshore projects in
less accessible fields more challenging environmestsuch as the far deeper waters
and the fields in the arctic weather. Meanwhile, some companies at the forefront of
technology in the oil and gas industry have been developing some new and improved

solutions to operate the oil and gas drilling and production in the marginal fields.

The Floating vessels for Liquefied Natutgas (FLNG) and Floating Production
Storage andOffloading (FPSO) are good examples of the new engineering
technologies 2, 3], which replace the fixed offshore platforms and pipeline facilities

to become the better choice for deegter oiland gas exploratiomAlong with the
advantage of the storage ability, these FLNG and FPSO vessels have also the

flexibility to be anchored and towed out at different locations in the oce&i [

However, most curreLNGs aredesigned as shiphaped vessels that can only drift

in one direction. When extreme weather conditions such as strong wind and waves
occur, shipshaped vessels cannot provide a stable platform due to the great hull
deflection caused by its long ship body. Hence, during a typhoon, the wind and waves
could lead to a maritime catastrophe. In addition, the mooring struicttueet is

required in the design of the skspaped FLNG to mitigate the effect of



weathervaningand the overall cost due to the construction of a turret consequently

increases.

In order to improve the stability of the FLNGs, the cylindrical shape platforms are
conceptually designed. The symmetrically designed FLNGs not only diminish the
fatigue loals indwced by wave, but can also face #evironment with same shape in

all directions. For instance, in the arctic fields, the cylindrical shape vessels have same
ice-breaking features for all ice drift directions, whereas the-shgped ones are cne
directionally operable. Economically, the need for arsting turret and swivel
systems is eliminated in the circular hull desid). [ Therefore, the cylindrical
solution, which is based on the conventional sthipped FLNG provides a

significant improvement in hydrodynamic stability and eefééctiveness.

However, regarding the development and research of cylindrical platforms, the work

done so far focused on construction, operation studies, hydraulic and hydrodynamic
aralysis, 7-9], while the safety evaluations for the circular vessels sidgettt gas

explosion have been ian empty field. Additionally, the existing vessels with

cylindrical platforms worldwide are mainly eduty for crude oil drilling and

production, whereas those cylindridallled FLNG designed by researchers and

engineers are still in theconceptual pase and without gas explosion safety
evaluationsFollowinguptheaut hor sé previous investigatio
the cylindrical FLNG 1], the aim of this paper is to perform the gas explosion safety

analysis on thebstructedconfigurations with different sets of safety gaps. In this



study, a cylindrical FLNG platform configuration, which is composed of 12
liquefaction unit modules with detailed equipment and piping design, is established
and used in the gas expios simulations. Moreover, the gas explosion mitigating

effect of safety gap on the cylindrical FLNG platform is investigated

The safety gap which is an open space, with no congestion, deliberately placed in
between congested process areas, is one ahtise efective and widely used safety
measuresThe principle behind the operation of the safety gap is that it basically
interrupts a positive feedback mechanism in congested areas. The positive feedback
mechanism consists of the generation of turbuleanbanced thermal and chemical
mixing between combustion products and reactants, higher flame speeds and thereby
both higher pressures and even higher turbulence intensities and so on. The absence of
obstacles in a safety gap eliminates the flwidstacleinteraction thereby preventing

the generation of turbulenc&(].

In this study, a series of gas explosions are performed on the cylindrical FLNG
platform in order to analyze the safety gap effect on overpressure romigdine

CFD based software FLACS]], which is a strongly validated finite volume-$

solver tool [L2-15] and has been developed continuously for over 40 years for
consequence prediction of gas ventilation, dispersion and explosion, has been utilized
in this study. In order to improve the FLACS overpressure calculation accuracy, the

Datadump technique proped in previous workl0] is also employed.



2 Numerical models

Based on the prototype of the slsipaped FLNG vessel as seen in Fig. 1, The
cylindrical FLNG platform in this paper is modeled by using FLACS, all anticipated
congestion walls and decks are assumed to be rigid during the CFD simuldtigns|
Volume Block Ratio (VBR) wthin a given zone in the mode$ defined as the ratio
between the total volume of the geometrical objects inzbae and the total volume

of the zone. The homogeneous cubical grid cells are applied as the grid models in the

explosion simulations.

2.1 Ship-shaped FLNG
The PRICO 16-18] FLNG units are used in this study. A realistic sbimped FLNG
model including liquefaction trains, dehydration and mercury removal modules and

compressors, etc. is established in detail as shown in Fig. 1.

Fig. 1 The shipshaped FLNG 3D geometry in FLACS



2.2 Cylindrical FLNG
As shown in Fig. 2, the thregimensional cylindrical FLNG platform is modeled
based on the shiphaped FLNG. The order of the 12 modules on the cylindrical
FLNG platform is kept the same as that in the shpped FLNG, and the modules
are organized in a U shape to fit the cylindriball. Consequently, the cylindrical
FLNG platform has a more compact area with 12 modules in the same process order
and the turret area is eliminated. One of the liquefaction fraffeglule 7 is shown in
a closer view in Fig. 3. As seen in Fig. 4, theside modules on the platform include:

1. Power generation (Module 1)

2. 3 Trent gas turbines and 2 essential diesel generators (Module 2)

3. Nitrogen package, hot oil, MosgthyleneGlycol (MEG) processing and

inlet facilities (Module 3)

4. Boil off gascompressor and fuel gas system (Module 4)

5. Acid gas removal unit & end flash gas compressor (Module 5)

6. Dehydration and mercury removal (Module 6)

7. Liquefaction modules (Module 7 to Module 12)



Fig. 2 FLACS geometry of the cylindrical FLNG platform

Fig. 3 A close view of the liquefaction train
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Fig. 4 Topside arrangement of the modules on the cylindrical FLNG platform

3 Safety gap effect on gas explosion

A series of gas explosion scenarios are then simulated on the cylindrical FLNG
platform. The effects of different safety gaps on the platform are investigated in both
near field and far field explosion regions. The Ddtenmp technique is utilized to

improve the calculation accuracy of FLAC.

3.1 Near field gas explosion simulation on theylindrical FLNG platform

On the cylindrical FLNG platform, the authors define the near field gas explosion
region as the scenario where flames propagate through two adjacent congestions with
one safety gap. Two different safety gaps of 12.5m and 20m@deled as seen in

Fig. 5. Furthermore, Fig. 6 shows the major equipment in the liguefaction module



which includes the turbine air intake, turbine bundle removal equipment, scrubber and
cold box on the lower level and two heat exchangers on the top. [Ehelsletectors
are placed on the lower level to monitor overpressures, the gas composition is 27%

Methane, 33% Ethane, 15% propane, B&atane and 6% Nitrogen.

12. 5m safety gap 20m safety gap
Fig. 5 Two configurations with different safety gaps in near field

Turbine air intake

Cold box Scrubber

(a) 3D view of the iquefaction lower level (b) Monitor regions
Fig. 6 Lower level of the liquefaction train

3.1.1 Application of Data-dump in gas explosion simulations on the cylindrical
FLNG platform
Before the comparison of different sets of the safety gaps, thedDatp tetinique
[10] is firstly applied in this study. The Datlump is an effective tool to reset the
turbulence length scale for gas explosion scenario with a safety gap, thereby

increasingcalculation accuracy of FLACSn this stdy, the 25%, 50% and 100%
9



filled gas cloud cases are all investigated, the overpressures before and after Data
dump are monitored under or on the surfaces of the turbine air intake, turbine bundle

removal equipment, scrubber and cold Jescseen in Tablé.

Table 1 Overpressures before and after Datdump technique

Gas 20m safety gap 12.5m safety gap
cloud Monitor region | Overpressure | Overpressure | Overpressure | Overpressure
coverage before Data after Data- before Data after Data-
dump (bar) dump (bar) dump (bar) dump (bar)
100% Turb air intake 7 6.4 10.5 10
filled  ["Turb bun remova 3.6 2.6 4.1 4
Cold box 2.8 2.5 3.2 3.1
Scrubber 6.2 5 115 10.5
50% Turb air intake 6.5 6.4 9.2 9.1
filled Turb bun remova 3.1 2.9 3.8 3.7
Cold box 2.5 2 2.8 2.6
Scrubber 5.8 4.5 10.5 9.2
25% Turb air intake 3.4 2.6 4.3 3.8
filled Turb bun remova 2.1 2 2.3 2.2
Cold box 0.29 0.28 0.9 0.8
Scrubber 1.65 1.1 5 3.9

For each gas explosion simulation, the explosion results are initially dumped at the
time when the flame exits the edge of the donor which is the module where the gas
cloud is ignited. Then by creating a-file and executing a duplication command, a

new explosion file for the receiving module is created along with the data loaded from
overpresure results in the donor. In order to reset the turbulence length scale and
restart the flame acceleration in the receiving module, the ignition is relocated to the

upstream edge of the accepting module which is opposite to the donor.

The comparison dataf the overpressure modification percentages due to-@atep

technique are depicted in Fig. 7 and Fig. 8. Overall, the -Datap technique

10



decreases the overpressures recorded in the acceptor module. Specifically, for the
12.5m safety gap scenario, thgegpressure modification percentages tend to be
below 12% exceptor the overpressures observed in the scrubber. svbareas the
overpressures are modified to larger extents in the 20m safety gap case, the
percentage for each case in Fig. 8 is greater tia corresponding case in Fig. 7. In
other words, the greater the safety gap size is, the morepoaiction of
overpressure in FLACS should be amended by {datap technique. Therefore, in
order to assure the overpressure calculation accuracy iry sgdpt modeling, the

Datadump is applied for all the following simulations in this study.
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Fig. 7 Overpressure reduction percentages after Dataump for 12.5m safety gap
scenario with different gas cloud coverage
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Fig. 8 Overpressure reduction percentages after Datdump for 20m safety gap
scenario with different gas cloud coverage

3.1.2 Different safety gaps subjected to gas explosion under different gas cloud
coverage
After the application of Datdump into the gas explasi overpressure calculation in
FLACS, the safety gap effect on overpressure mitigation is then investigated in the
adjacent (near field) modulésliquefaction trains. Two sets of safety gap (12.5m and
20m) configurations are modelled, Fig. 9 gives an aegr of the 100% gas filled
simulation case with the maximum overpressure up to 9 bar. The results indicate that
nearly identical pressures are observed in the donor modules (the modules where
ignition occurs on the left hand side of the safety gap) dtin bf 20m gap and 12.5m
gap configurations. However, in the comparison between the 20m gap and 12.5m gap
cases, it is seen that pressures are lower in the receiving module (modules on the other

side)in the 20m gap cagban that in the 12.5m gap case

12
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(a) Simulation case of 12.5m safety gap (b) Simulation case of 20m safety gap
Fig. 9 Maximum overpressures for 100% filled gas cloud spanning the modules
separated by different safety gaps

In addition, the comparison of all the 25%, 50% and 100% gasl dibed cases is
conducted and the coverage percentage is controlled by manipulating the volume
height of the gas cloud. Fig. 10 to Fig. 12 illustrate three similar scenarios where a
reduction in the overpressure is observed in the receiving modules safety gap

increases from 12.5m to 20m.

12

m 12.5m gap configuration with 100% filled gas cloud
m 20m gap configuration with 100% filled gas cloud

Overpressure (bag)

Turbine air intakeTurbine bundle removal Cold box Scrubber

Fig. 10 Maximum overpressures for cloud (100% filling) configurations with 12.5m
and 20m safety gaps
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m 12.5m gap configuration with 50% filled gas cloud

m 20m gap configuration with 50% filled gas cloud
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Turbine air intake  Turbine bundle Cold box Scrubber
removal
Fig. 11 Maximum overpressures for cloud (50% filling) configurations with 12.5m
and 20m safety gaps

m 12.5m gap configuration with 25% filled gas cloud
m 20m gap configuration with 25% filled gas cloud
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Fig. 12 Maximum overpressures for cloud (25% filling) configurations with 12.5m
and 20m safety gaps

It is interesting to note that overpressures near the turbine air intake and scrubber are
higher than the observed overpressures in the cold box and turbine bundle removal
areas regardless of the safety gap size. The main reason is that the flame propagati
distances from the ignition in the donor to the targets of the turbine air intake and

scrubber are longer than the flame propagation distances to the cold box and turbine

14



bundle removal areggsseen in Fig. 6(b), where the turbine air intake and scrubber
are placed on the right hand side even further away from the ignition coming from
left). The longer the flame path length is, the longer time the flame turbulence
develops within the congestiowhich further induces greater overpressufel 20].
Moreover, the turbine air intake and scrubber region are more congested with small
dimension objectsTherefore, the smaller average de&er of the obstacles and
greater congestion ratio contribute to more turbulence indélaete acceleration,

which buildsup greater overpressures as well,[22].

In terms of the safety gaeffect, it is seen that the overpressure difference between
the 12.5m and 20m safety gap cases is more apparent in the turbine air intake and
scrubber areas, which indicates that the safety gap reduces more overpressures where
the flame path is longer dnthe average obstacle diameter is smaller and the
congestion ratio is greater. In addition to the analysis of the safety gap effect on
overpressure mitigation in near field, the investigation to the safety gap effect in far

field is further conducted beln

3.2 Far field gas explosion simulation on the cylindrical FLNG platform

In order to investigate the consequence associated with the ignition of gas cloud from
one module to the far away modules on the cylindrical platform, explosion
simulations are perfored by using varying parameters such as different gas cloud
locations, size and ignition locations. The far field gas explosion scenario is defined as

the region where flame propagates through more than one safety gap. 4 gas clouds

15



with same size of 140x14Q0m are placed at different locations covering all the
modules, for each gas cloud, 6 ignition scenarios occurring in the ground center of
each module are simulated, as seen in Fig. 13. Overall, for each cylindrical FLNG

platform, 24 simulations are cagd out in the far field gas explosion investigation.

And two different cylindrical FLNG platforms (as seen in Fig. 14) are modeled in
order to compare the effect different safety gaps on gas explosion mitigation. One
configuration is theplatform with all modules moved.Om inwards within the pipe

rack circle to form the safety gap of 10m in Ne8buth direction (Fig. 14(b)Wwhile

the other configuration has no gap between the modules and pipe rack, as seen in Fig.

14(a).

Fig. 14 shows one explosi@aenario where the gas cloud is ignited in Module 10 and
the flame propagates further to all other surrounding modules afi¢lfhones such

as Module 3 and Module 4. The gas explosion path going through two gaps in North
South direction is defined astRdl, e.g. Path 1 in Fig. 14 is distance from Module 10

to Module 3 or from Module 9 to Module whereas Path 2 is defined as the flame
path after three gaps. For each module, about 10 monitor points are uniformly
allocated on the ground level to detebe overall overpressure3he recorded
overpressures tabulated in Table 2 are averaged from the modules in the far end of the
flame path. Table 2 and Fig. 15 illustrate the comparison results observed on the

cylindrical FLNG platform with two different safety gap setups.
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(&) Modules in the cylindrical FLNG without gap
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