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Fire Spread Simulation Tool for Cruise Vessels
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Abstract—In 2002 an amendment to SOLAS opened for The LASS project was finished in 2009 and then iooeid
lightweight material constructions in vessels & same fire safety as with the LASS-c project where cruise vessels weralyaed

in steel constructions could be obtained. FISPATre@Pread
Analysis Tool) is a computer application that siatet fire spread
and fault injection in cruise vessels and idergifiee sensitive areas.
It was developed to analyze cruise vessel desigadspaovides a
method to evaluate network layout and safety ofserwessels. It
allows fast, reliable and deterministic exhaustsimulations and
presents the result in a graphical vessel modelp&yorming the

analysis iteratively while altering the cruise \asdesign it can be
used along with fire chamber experiments to showt tthe

lightweight design can be as safe as a steel cmigtin and that
SOLAS regulations are fulfilled.

Keywords—Fire spread, network, safety, simulation.

|. INTRODUCTION

HE superstructure of passenger vessels was und? 20

regulated to steel structures. These structureg weod
from a fire safety point of view but their weighitsited cargo
load and number of cabins. Most cruise vessels twbe able
to go through the Panama Canal which restricts amkdraft
to be within Panamax. The draft is proportionathe vessel
weight and therefore the number of cabins has Iheed to
increase without violating panamax since more caleiquals
more weight. The
International Convention for the Safety of Life at Sea
(SOLAS) [1]in 2002 deregulated the use of steelcinise
vessel constructions.

construction could be proven. The fire safety asialyghould
be performance based which permits an increase
firefighting systems to compensate for the poorée f
properties of lightweight materials. The fact isatththe
lightweight materials can start burn at lower terapgres, has
less mechanical strength and contains glue thairbes week
at temperatures above 100°C.Thghtweight Construction

Applications at Sea (LASS) project [2] was started in 2005

and analyzed these new construction types in fessels and
one offshore living quarter. The project was pdiithanced by
the Swedish Governmental Agency for
Systems(Vinnova) [3] and aimed at improving theceghcy
of marine transport and increasing the competitgsnof the
Swedish shipping industry.
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This made the use oflightlteig
materials possible if the same level of fire resiskt as a steel
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from the same perspective.FISPAT was developedimwitie
LASS-c project.

There are several different ways to show that eruvisssels
with composite superstructures can have the samesdifety
as steel superstructures and thereby meeting theASO
requirements. Often several tests and simulati@ed rfo be
combined. One way is to perform simulations on aleh@f
the vessel to find fire sensitive parts and thetroduce
redundant systems into the simulation model totseeffects
on fire safety. In combination with real fire tedisis analysis
demonstrates that the fire safety of the lightweigh
construction is as safe as the steel construction.

There are many requirements that are to be mengluri
construction designs. Each requirement typicallypsnéo a
certain sub-system and interdependencies betwdrysems
can be hard to grasp.As a consequence the whotensys
functionality may suffer. A concrete example is tlaegest
ferries wheel in the world, the Singapore Flyereivhough it
had a backup system that would take over if thengry
system failed, a control room fire in 2008 shut ddive whole
wheel. The post-fire analysis showed that the bpdgstem
cabling was drawn in the same control room as tirmgry
system cabling. The control room fire took bothtegyss out
trapping over 100 people for over 6 hours. The Shuge
Flyer was forced to an expensiveand reputationkimgaone
month stand-still. FISPAT (FlreSPread Analysis Josl a
computer application presented in this paper tled¢as this
Iﬂpd of network routing flaws before constructiare built

FISPAT is a computer application where a cruiseseks
model is used for fire spread and fault injectiomdations.
The vessel model in FISPAT consists of rooms, neksrand
devices where the latter map dependencies betwetarorks.
Fire spread simulations are performed on the vessxlel
which can be extended within FISPAT to include &ddal
networks and/or devices. The simulation resultspresented
graphically in the vessel model and can be sortdgory
wise by the user. Thereby the most fire sensitieas of the
cruise vessel and which networks and/or devicesssential
for the firefighting capabilities of the vessel dam identified.
The simulations made in FISPAT can be used to ptbaé
lightweight materials can have the same fire rasist as steel
structures and that safety regulations are met.

This article has the following chapters: Il preserglated
work, Il explains the Vessel Model used in simigas, IV
how simulations are carried out, V presents a test
evaluation, VI discusses the simulation performarened VI
draws conclusion and presents future work.

1SN1:0000000091950263



Open Science Index, Mechanical and Mechatronics Engineering Vol:6, No:3, 2012 publications.waset.org/7451.pdf

World Academy of Science, Engineering and Technology
International Journal of Mechanical and Mechatronics Engineering
Vol:6, No:3, 2012

Il. RELATED WORK

Many fire spread analysisapplications are focused or
spread of toxic gases in buildingsid how long a scenar
takes to complete [4],]5 There are also applications 1
modeling of passenger evacuation from cruise vs [6].
When it comes to network analysis there are progréke
KYPipe [7] whichis not optimized for cruise vessels ¢
focuses on network pressure and not net and device
dependencies. Other applications like AVA8] focus on
vessel vulnerability assessments but that is ttuate comba
artillery damage. Little research has focused wowlifig the
optimal network and devices layout within cruisssa.

We kelieve FISPAT is a unique application that focuse:
finding the optimal network layout for cruise velssand tha
it can be part of a thorough cruise vessel desiGine
implementation of exaustive simulationcan save much time
and effort compared to amual analys and result infaster,
cheaper and safer cruise vessel designs.

Ill.  VESSEL MODEL

The FISPAT vessel model is three dimensional amdists
of rooms, networks and deviceghe vessel model is built t
the user and used by the application to sire fire and fault
spread. Part of wessel model in one floor is presentecFig.
1. There are no limits to how large the vessel modallwe. Tc
be useful it must contain at least one room, twiwvaeks anc
one device which would allow for fault injecti to be
simulated in two networks in a room.

RS R& R4-2

Aa m

R1 RZ2 R7

Fig. 1Vessel model with pump (square), sectioningae@owtie).
functioning networks (solid lines) and a rRfumctioning network
(dashed line). The network color indicates netwgge in FISPAT.

Vessel models can also contain fire walls which
graphical red lines that delineate fire sectiorsese have n
functionality in simulations they are merely present
simplify post-simulation user analysiessel models thi
stretch over multiple decks came navigated in the us
interface to choose deck to display.

The room file is constructed manually while netwsodnd
devices are built and easily altered through tlamlgical use

interface. Once the networks and deviaes constructed they

can easilybe saved for later use. The saved files can beed
further once reloadedRooms are three dimensional cubc
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but other shapes can benstructed by linking several cubo
together. Each of thedieked cuboids has its individual room
number; they are sutboms implying fire is spread betwe
them. A room is either burning, containing smokeneither.
A burning room will spread fire to neighboring rosmat are
set to be “fire spreading neighbors”, -rooms or if both lack
functioning water networksOnce the room file is loaded
FISPAT mapsieighbors depending on their three dimensi
location in the cruise vessel. Rooms need to haeeapping
walls or the floor of one room needs to be pathefceiling ol
another for them to be neighbors. C a common corner is
not enough.

Networks have three dimensional paths while devare
located in a singléhree dimension point. The positioning of
networks and devices with respect to rooms nedxt tihe set
however the positioning within a room not important for
simulation results.Both networks and deviceare either
functioning or norfunctioning. Devices are split betwe
Apparatus and Sectioning devices where the formap
dependencies between networks and the latter praestmork
faults to spreadto other network. A sectioning device
separatestwo or more networks of the same Kkif a
functioning sectioning device is connected betweéaim
networks a fault in one netwowill not spread to the other. If
the sectioning device is ndanctioning the fault will spread
also to the other netwarkhe sectioning device has becao
transparent.Apparatuses are further divided into purr
control units etc which is merely for user faciiiten; their
functionality is the same i.e. to map networkpendencies.
Both apparatuses and sectioning devices need todideas
one input networkthat they depend .An apparatus or a
sectioning device without at least one input nekwis not
meaningful. As long as at least oninput network is
functioning, so is the devicéut f all input networks of one
kind are norfunctioning the device willalso become non-
functioningNetworks can in turn depend on one or sev
devices which can be redundant or not. A networ&t
depends on two redundant devicwill become non-
functioning once less than two of the devices
functioning.Redundancy and dependencies betweerinpud
networks, one apparatus and one output netis illustrated

in Fig. 2.
1 1 L] q
d ) '
1
11 11 11 | i1
|

Fig. 2A pump with two electrical networks as input one water
network as output. The input networks are redundadtthe pumijis
functioning(grey boxas long as one of tlinput networks is
functioning (solid line)The pump becons non-functioning (black)
once both input networks are r-functioning (dashed)
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Cruise vessels contain different kinds of netwasksvhich

it takes to perform exhaustive simulations. If two more

six can be modeled in FISPAT,; electric power, waterooms are to spread fire between each other duhadirst

ventilation, hydraulic, pneumatic and control. TdliEerence
between themis partly graphical to enhance useereqce
and partly because different
properties. All
functioning) by fire except water networks that davcontrol
option whether it should be damaged by fire or fbis is to
allow for simulating different types of pipes; sormmewhich
may become non-functioning by fire and some that A
pessimistic approach is taken in the simulatiohs; metwork
is present in a burning room, the whole networK técome
non-functioning (except water networks where thetics
option needs to be set). Devices also become nuetifuning
when in a burning room.

IV. SIMULATIONS

FISPAT supports two different kinds of simulatiosfgle
and exhaustive. A simulation starts with an initiéhte and
ends at the result state. The states in betweenareisible
for the user since they are not relevant for thesgkdesign
evaluation. Notion of time is not relevant in sim@tibns
meaning there is no evaluation on how long a sitraridakes
or how long a real scenario would take. Furthermbreman
interaction such as firefighting or manual valvee@gtions is
not simulated. Neither are human casualties. Timellstions
are deterministic meaning one initial state alwaisduces the
same result state. In a single simulation the gs¢s up an
initial statespecifying which roomsare initially dire and
which networks  and devices are
functioning.FISPAT thensimulates the fire and fasfiread
and presents the result state to the user alorgimfiirmation

simulation cycle only one of these simulations tsalty
performed.

networks have differen Each simulation, single or exhaustive, has threetrob
networks are damaged (become nowptions that need to be set and which affect sitimria

outcome. If a burning room lacks functioning watetwork
the control option “spread fire if no sprinkler’rsads the fire
to all neighboring rooms that also lack functionimgter
network. Water networks become non-functioningibg fith
the control option “water network non-functioning fire”. If
ventilation networks are present they will spreiad between
rooms they are located in if the control option ritikation
spreads fire” is chosen. The control options c&demore or
less pessimistic simulation approaches and alldferént fire
spreading scenarios to be evaluated.Once firedsept in a
room during a simulation it cannot be put out andeofire is
present so is smoke. Neighboring rooms spreadbfite/een
each other if they are set to be "fire spreadingmors” or, if
the control option “spread fire if no sprinkler” éhosen, both
lack functioning water network. Once fire is presiera room,
all devices and all networks except water are wirnen-
functioning. When a network or device has becoma-no
functioning it cannot become functioning again lre tsame
simulation. The non-functionality is spread throogh the
vessel model until no more networks or devices becaon-
functioning. The fire spreading between rooms cargs until
the vessel model state is unchanged. The resultbesorted
on fields such as number of rooms burning and nurolbe

initiallynon-non-functioning devices. This allows for post-siatidn

analysis where the worst case scenario is eagltified and
the corresponding initial vessel state can be digul. When

on thenumber of burning rooms and number of norfimulations are finished and the result analyzeid itasy to

functioning networks and devices at the resultestét an
exhaustive simulation the user can set up an lirstiate if
wanted but it is not necessary. However the usedsdo
specify how many rooms are to be initially burnemgd how
many networks and devices are to be initially nometioning.

alter cruise vessel layout to evaluate differertivoek paths
and device placements. The optimal cruise vesselutais
found by performing iterative exhaustive simulatowhile
altering the layout. Note that what is considergtinoal can
differ between users; it might be number of roorusning,

The simulation engine then simulates all possiblBUmber of rooms containing functioning water netwar

combinations of the initial parameters chosen. Sithere are
potentially very many result states produced, ther €an also
define what is required from the result state tosheed. For
example, only simulations that result in ten rodoaming and
seven networks non-functioning should be saved.Bition

results that do not meet these criteria are noedawhis
simplifies the post-simulation user analysis sitfoe number
of result states is limited.

FISPAT uses multi-threading and takes advantagellof
computer processors. A distribution method is im@ated
that suppliesthe processor with a new initial statze a
simulation is done. To minimize the amount of sadada
only the initial states are saved if the resultestaeets saving
criteria. If the user wants to display the restutite vessel
model, a single simulation with the saved pararsetier
performed and presented. Initial states that wpuidiuce the
same result states are identified before simulatiare even
started to reduce the number of simulations andédére time
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something else. It is important to state what ike¢oanalyzed
before simulations are performed.

V.EVALUATION

For large cruise vessels the manual analysis efdpread
becomes overwhelming quite fast. This is especitalle if
networks and devices are to be added or altereishgitine
analysis to allow for different layouts. The comyilg of
cruise vessel design is illustrated in twoexhaessimulation
examples.

Fig. 3 represents a cruise vessel with eight rooeight
networks and five devices in one deck. Rooms RadLR4-2
are sub-rooms meaning they spread fire betweenaheh. A
fire in one of these rooms will immediately spretadthe
other. In this evaluation fire is spread betweems that lack
functioning water network and water networks araffected
by fire, i.e. they do not become non-functioningthity are
present in a burning room.
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Fig. 3Graphical representation of the cruise vesselanased in th
exhaustive simulation examp

The networks and devices are interdependent astrdkiec
by the arrows. An arrow pointing towards the deviwticates
the devie depends on the network while an arrow poin
away from a device indicates that the network ddpem the
device. The sectioning device in R5 has a doubletipg
arrow on its rightindicating that it depends on the we
network on its right and th#the water network depends on
sectioning device. If one of them becomes-functioning, so
will the other.

The first example is an exhaustive simulation withe
room initially on fire in the vessel model shown kig. 3.
Result from the exhaustive simulatiaith one room initially
burning is presented in Table .

The exhaustive simulation of a fire starting in amem
gives five result stateeven though there are eight ro. This
is because FISPAT reduces initial states that woulee the
same result states explained in Section . Rooms R4-1 and
R4-2 are sulveoms; hence it is enough to simulate an in
fire in one of them. The same holds for rooms R2,aRd R7
since these lack functioning water networks and alivays
spread fire between each othé&is a consequence only o
simulation with R4-1 or R£2-and only one with R2, R3 or F
as initially burning will be performed.

TABLE |

EXHAUSTIVE SIMULATION RESULTS WITH ONE ROM INITIALLY BURNING

) ) Rooms Rooms with Non- Non-

Simulation burning smoke functioning functl_onlng
networks devices

Smulation 1 1 0 1 0
Smulation 2 3 0 3 2
Smulation 3 8 0 8 5
Smulation 4 1 0 1 1
Smulation 5 8 0 8 5

The worst outcomesre simulations 3 and 5 where
rooms are on fire and all networks and devices ron-
functioning. Displaying these initial vessel modstates
reveals that R4-and R6 are initially burnirin one simulation
eachThe initial state of simulation 3 witlR4-1 initially
burning is shown in Fig. 4.

RS R& R4-2

R4-1

R1 RE R7

I

I

I
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Fig. 4 Graphical representation of tinitial state of the cruise vessel
model used in the example w room R4-1 initially burning

The fire makeghe electrical network n«functioning and
also spread to R2-since they are fire spreading neight
(sub-rooms). In R£-the electrical network will become r-
functioning bythe fire. With both electrical network inpt
non{functioning, the rightmospump in R6 will become non-
functioning causing the water network in R6 to beeonor-
functioning (this network is set to need two redamdoumps)
The sectioning device in R5 will lose its functitibasince
there is a double dependency between this the water
network coming from R6. Now the fire will spreadifn R4-2
to R6 and on to R5 sinal lack functioning water networks.
With no functioning water network in the vessel rabdall
rooms will become burning and all networks and desiwill
become non-functioning.

The same derivation can be done for the initiad fir R6
(not shown)that first will make the electric networks and
devices norfunctioning, causing the water networks
become norunctioning and the whole vessel model to t

The second example shows fault injection in the s
vessel modehs previous example, see Fi¢. One network
and one device are set to be initially -functioning. This
simulation produces 40 result states since theee edght
networks and five devicdkat are initially set nc-functioning
in each simulationThe five worst outcomewith respect to
non{functioning networks and devicare presented in Table
1.

The result state from simulation 14 presented iblgd is
shown graphically in Fig. 5. T initially non-functioning
network is doubletashed and located in room-2 while the
initially non-functioning device is located in room R2. 1
networks that are nofunctioning as a consequence of ot
nonfunctioning networks and devices are si-dashed while
the devices that are ndanctioning as a consequence of ot
networks and devices thare nor-functioning are black.

TABLE Il
EXHAUSTIVE SIMULATION RESULTS WITH ONE NEWORK AND ONE DEVICE
INITIALLY NON -FUNCTIONING

Simulation  Rooms  Rooms with Non- Non-
burning smoke functioning  functioning
International Scholarly and Scientific Research & Innovation 6(3) 2012 620 1SN1:0000000091950263
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network: devices

Smulation 14
Smulation 15
Smulation 19
Smulation 40
Smulation 7

Smulation 16
Smulation 17
Smulation 33

[eNeNoNeNeNeNeNol
[eNeleNelsNeNeNe}
ARrBrbrooaoaan
WWWwwHHAD

RS

a
(=2

R4-2

1

|
|
|
|

H
)

1Lz

R4-1

R1 RZ R7

rw—li
a1
Fig. 5Graphical representation of the cruise vessel masled in the
example with network in R2-and device in R2 inally non-
functioning

These two exampleare quite easy tevaluate by manual
analysis but for cruise vessels with up to 100Cfedint
compartments on each floor together with severatew
networks, redundant electrical networks, pumpstrobmnits
etc. the amount of data to analyze becomes ovemihgl
FISPAT findsthe most fire sensitive areas and presents
to the user in an easily interpretable mar

VI. PERFORMANCE

The fire spread analysis needs to be correct,bteliand
fast. The cruise vessel model showrFig. ¢ can be used for
analyzing other initial stas that produces more re: states.
To provide a glimpse of the performance of FISF
simulations, exhaustive simulations are made withd room:
initially burning and four networks and two devidedially
non-functioning. The same control options i used as in
section V.

The number of simulations made, if optimization would
have beerbuilt in to the program, would

ofas]=so

However FISPAT reduces the simulatiohat would have
the same resulitate and hence only needs tc one of R4-1
and R4-2 (sub-rooms) initially burnirapd e of R2, R3 and
R7 (no functioning water network) initially burni. Instead of

)
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setting 3 of 8 rooms as initially burning only 3 Bfrooms
need to be set. This result in

HIWHEL

simulations which is aB2.1% reduction of simulations tt
needs to be performed.

The 7000 simulations takes about -200 milliseconds to
perform on a PC with Intel Core 2 Duo processord.4tGHz
and 2 GB of RAM. The time for each simulation deggeon
how much “fire spread” that is taken place in tirawation
i.e. how many rooms that have fire spreading neghtanc
how many networks and devices t are set non-functioning.
The more fire spread and fault propagation thaturs the
longer time a simulation requir By reducing initial states
that would produce the same resulting state andgusil
available processoRISPAT allows efficient simulation of tf
fire spread.

2

VII.

This paper presents FISPAT that has proven to parfast
and deterministic simulations of fire and fault pagation ir
cruise vessels. These simulations can be useaddfife anc
fault sensitive areas in cruise vessels and enhéneceesse
design ly iterative exhaustive simulations. The simulati
can be used to prove that vessels built out oftwghght
materials can maintain the same fire safety ad stagcture
vessels, thereby complyimgth SOLAS regulation 17 [1].

Initial vessel states thavould have the same result state
efficiently removed before simulations are evenrtsth
simplifying postsimulation user analysis. Performi
exhaustive simulations facilitates finding worsseacenario
out of possibly thousands of initial sts by simulating all
possible combinations of rooms burning and netwakd
devices initially norfunctioning. When a vessel model
analyzed it is easy to alter its layout to find awiéh superiol
fire resistance properties By performing this proces
iteratively, the best cruise vessel design carobad.

FISPAT can be usedithin different areas apart from crui
vessels; for example virus spread within computworks.
Viruses would be modeled as fires and routers #&ewvélls
would be modeledsadevices and sectioning devices wt
would prevent the viruses from spreading betweanpaders
and networks. The software code could also easi)
modified or extended to provide graphics to Dbe
accommodate this and other simulation ar

FISPAT ould also be used on oil platforms and other I;
buildings such as skyscrapers with few alteratisinse theil
layout it very similar to cruise vessels with rogmetworks
and devices in multiple floors. Large warehousasgdalso be
analyzed. In thatase, one large area could be divided
several smaller ones in which fire origins couldsirulatec
and the spreading analyzed. Possibly unfavol
dependencies could be found along with poor netyatks.

CONCLUSION AND FUTURE WORK
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By doing this analysis simultaneously as the drawithe
optimal layout can be found before the construcisoouilt.

A future improvement of FISPAT could be to enaliie t
loading of CAD files to set up the vessel modelmso The
FISPAT vessel model is currently manually createxsnf the
CAD drawings of the vessel which is time consumifmpis
would save a lot of time and possibly extinguish thuman
error factor when translating CAD drawings to thSFAT
vessel model format. The vessel model could alsu rie be
extended to allow rooms with different shapes ttatmoids.

Probabilistic calculations on damage stability, hew the
cruise vessel behaves when partly filled with watere
required from 2010 on cruise vessels. FISPAT coléd
extended with this ability once the CAD file loadins in
place. The modularity of FISPAT with the vessel mlodnd
simulation engine separated allows for smooth esxten
withadditional features.

FISPAT should be seen as one way to prove thatiigecr
vessel built out of lightweight material is as safe a cruise
vessel built out of steel. However, complementary
experiments in fire chambers are also importafintbthe fire
resistance in the materials themselves.
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