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Concern about PFAS containing foam fire su
impact motivated the U.S. Air Force to perform a {p@ase feasibility analysis of water

mist systems for protection of aircraft hangars. Phase | involved a feasibiligiarat

COTS water mist technologies based on manufacturer specifications, literature, and

previous test data. Phase | identified seven manufacturers who have developed systems

with potential for successful protection of aircraft hangars. Phase Il usetbFb&lel

two low pressure and one high pressure system identified in Phase I. Phase Il completed

an analysis and validation simulations of the Lagrangian particle, extinction, and

evaporation model in FDS. Following validation simulations each nozzl¢estsl in a

full-scale hangar configuration for protection of a8J§pill fire. The results found the
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high-pressure mist system was able to extinguish the fire and earlier activation times lead

to less damage to the aircraft and hangar compartment.
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Chapter 1 Introduction
Aircraft hangars house very expensive aircraft and are used for a variety of purposes
ranging from parking or storage of aircraft to hazardous maintenance and repair
procedures. During these proceduyteg potentiaéxists forajet fuel spill which is
subsequentljgnitedto cause a very large fir€oam fire suppression agewtarently
protectmanyaircraft hangers worldwide; these effectively extinguish and prevent-the re
ignition of fuel spill fires. Concern abo
impact is motivating the U.S. Air Force to consider alternative fire suppression solutions
for aircraft hangars. This concern has been enhanced due to the frequency of inadvertent
activations of the suppression systems, i.e., activations without a fire being pigsent

This report explorethefeasibility of usingwater mistand hybridfire
extinguishing systems fahe protection of jet fuel pool fires in aircraft hangars. The
research conductesldivided intotwo sequentigbhases. Phase | inclugie
comprehensiveeview of market research and manufacturer data to provide an initial
assessmermf the technical feasibility afommercial off the shelf (COTS) water méstd
hybrid technologiesPhase | identifies sevawater mist manufacturgtotalingten
combined water mist systerttatdemonstrat@otential success in a hangar application.
Phase IAnalyza threemist systemsleemed feasible in Phase | throuwgimputational
fluid dynamies (CFD) modelingutilizing NIST 6FRre Dynamis Simulator (FDS), to
model full scale firescenariosandjustify theconclusiondrom phase.lThesimulations

providedirect comparisons for water mist activation time on the effectiveness of
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suppression, high pressure versus low pressure mist systems, and ceiling versus floor
nozzles for protectionThe results show that high pressure water mist is more effective at
a 12m ceiling height than low pressure, floor nozzles significantly impact the flame
structure which can sometimes lead to higher incident heat fluxes to the aircraft, and an
earlier activation time leads to less damage to the aircraft.

Thesesimulations provide a basis for further down selection of nozzles based on
the performance of high pressure versus low pressume ceiling versuioor-oriented
nozzles.Based upon the results of Phase | and Phase II-schl# test plamatrix is
devised for the U.S. Air Force.

1.1 Motivation

Jet fuel yields a high potential fire hazard in aircraft hangars to produce fires with heat
release rates up to hundreds of megawatts, damaging aircraft, expensive equipment, and
the building stucture. Currently, this hazardégsmmonlyprotectedoy foam fire

protection systems. These systdmse the ability taquickly suppress large hydrocarbon
fires and prevent rgnition by forming a thin film separating the fuel and heat while
cooling thefuel surface. Though effective, the foam in these systems was recently
identified as containinthe chemical compound-8, which is unable to be broken down
by humans or biodegrade in the environmé&wtording tothe National Fire Protection
Association NFPA), foams pose toxicity, biodegradability, persistence, treatability in
wastewater treatment plants, and nutrient loading fiR$.

In addition to negative environmental impacts inadvertent foam discharges can

have a costlympad through direct damage to the aircraft amhecessaripss of
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business continuityA study conducted by the University of Maryland determined on an
annual basis there was average df1.8times the number of accidental foaystem
discharges versus the responding to firm DoD and commercial aircraft hangai$e

study found that o205foamsystemdischargesvith known causebetween 2004

2020, only 1 incident involved a firg¢1]. Due to environmental concerns and the costly
impact of inadvertent foam discharges, the U.S. Air Force is considering water mist as an
alternative fire suppressicolution for aircraft hangars.

Over the past two decades, water mist has become a popular alternative to
gaseous fire protection systems and sprinklers due to its unique suppression mechanisms,
efficient water use, and environmental impact. Water ntiktes cooling effects,
radiation attenuation, and oxygen displacement through the rapid vaporization of small
water particles to steatn extinguish firesMany experiments have been dondlon
effectivenessof mistin small enclosed spaces, particylddr spaces on shiphowever,
to datea small number of studi¢smve been conducted dheeffectiveness of water mist
systemsn large unenclosed spaces suchaasraft hangars
1.2 Computational Modeling Background
Computational fire modeling phase Il of this researdhiperformed usinghe program
FDS, version 6.74, developed by the National Institute of standards and technology
(NIST). Smokeview, version 6.741is used for vsual representation of tloaitput fom
thefire models The newest release of FDS is not used in this research due to issues with
the particle model, particularip regard toevaporation. These issues were identified

through evaporatiowerificationsimulations anded to thedecision to gean older model
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of FDSfor this researclwhere the particle modahd evaporation processfundamental
to the research question

FDSsoftware is designei numericallysolve a modified version of th¢avier
Stokes equatiothatis appropriatgor thermally driven luid flow with low Mach
number.The default version of FQSutilized in this researcls a largeeddy simulation
(LES) model The LESgoverningequations apply a loywass filterto the transportation
of mass, momentumnd energyequationdo explicitly solve for large scakuid
dynamics anémploy additional term®taccount formodekdsub grid scale dynamics.
The equations are solved using a time integretead variation diminishingVD)
scheme based onetlyrid size in the simulatiod thorough descriptionf themodelling
capabilities, governing equations, and numerical algorithenf®und in the FDS
Technical Reference Guidi4.

FDS has been developed and validated for malty developed and well
ventilated fre scenarioso predictsmoke and heat transport from firelowever, under
ventilated fires and extinction via oxygen depletion aunldgrid scale kinetieffects has
minimal validaion and imposesery specific constraint$nformation on all validated
uses for FDS simulations can be found in the FDS Validation Reference [Guide
Because of the uncertainty associated with theselatitms ech aspect of the
simulation must be carefully analyzed to ensure accurate physical behavior in the model
and appropriate input valueShapter 4 discusses the combusaod radiatioormodel for
simulatngthe fuel, theLagrangan particle modefor simulathg water mist and the

extinctionandevaporatiormodel forsimulatingflame sheet interaction.
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1.3 Scope of Work
This work provides a focused effort on the evaluation, market analysis, and down select
procesof COTS water mist systems for possible usBépartment of Defens®(D)
aircraft hangarsThe information collected for Phase | is limited to publicly avdda
information and voluntary manufacturer participationadditional material

Modeling of select COTS products is tailored to specific Air Force hangar
dimensionsand evaluated based on DoD specific extinguishment criddadeling of
water mist nozes for Phase Il is limited tavailability andreliability of manufacturer
provided dataModeling scenariosicludedin this studyare limited to

1 Low Ceiling hangaf12 mheigh) with a 10,500 L fuel spill
o Nozzle A
= 30 second activation time
» 50 second activation time
o Nozzle B
= 30 second activation time
1 Ignition in center of fuel spill
1 Ignition at edge of fuel spill
= 50 second activation time
o Nozzle C
= 30 second activation time
= 50 second activation time

Modelingscenariosaredesigned taletermine the feasibility of water mist for
aircraft hangar protectiomsing Manufacturer recommended nozzle spacing and flow
requirementsNozzle A is a ceiling mounteatulti-orifice low pressure water mist

nozzle, nozzle B ia floor popup multi-orifice low-pressure water mist nozzle, and
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nozzle C is a higipressuremulti-orifice ceiling mounted water mist nozzlEhe

scenarios investigate the effect of quick detection and activation time on the effectiveness
of the water misand compare ceiling versus floor nozzles and high pressure versus low
pressure nozzle®ata gathered from Phase | andslutilized to assess system

performance versus rated specifications and sexvé¢he foundations for operational

field testing and system validatiofihe aitcome of the studig used to aidlJSAFin the
generation of requirements for water mist fire suppression as a replacement for aqueous

film forming foams (AFFF) in aircraft hangars.

Chapter 2 Literature Review

2.1 Low Pressure \&ter Mist Systems

NFPA 750 defines a low pressure water mist system as any water mist system where the
pipe pressure does not excd&dbar Low pressure water mist systems produce larger
water droplets which can penetrate more challenging fire plumbgiveirr high

momentum. The larger drops are limited in suppressing obstructed fires due to high
fallout rates from mist, which reduces the mixture of mist in the air. Low pressure
systems can use ordinary sprinkler components and require less maintbaanuth ér

mist systemg$6].

Table2-1 summari zes manufactur evaterinistk ey aspe
systems for protection against Class B, shielded pool or running fuel fires. Many of the
systemsn Table 21 are FM approved for protection of data centers;stonage HEL
occupancies, wet bench, industrial cookers, etc.; however, onlywatpmwith Class B
fire tests are included as relevant to hangar applications. FM approvals are important,
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despite the type of approval,demonstratéhe product has endured rigorous testing for

each of the components involved.

Table2-1 Low Pressure Water Mist Systems Summary

Manufacturer | Applications | Advantages Disadvantage$ Approvals®
Fike: Machinery & | Capable of No published test FM55601
Duraquench | Turbine extinguishing results from Class B | Turbine and
(K6 nozzle) Enclosures, | concealed spray | fires. Machinery
Local fires. Not tested in hangar | Enclosures
Application | Preliminary LA application, no curren < 4,610m?
tests show installations of floor | and12 m
extinguishment nozzles.
with no volume Single pump is
limit. limited to a4,596m?
Multiple pumps space.
[Fike, 2020 have potential to
protect large
volume space.
Recent hangar
protection webinar
with solutions.
GW Sprinklers| Machinery & | Suitable for Max nozzle to ceiling| N/A
A/S: M5 Turbine protection of pool | distance is 1 meter.
nozzle Enclosures | fire and spray fire | Nozzle obstructions
Paint Booths, applications. must be les than 20
Local Can be installed up| degrees of nozzle
Application | to 14.4 mabove spray.
[GWSprinkEr, hazard. Only supply nozzles,
2020 not entire
configuration.
Minimax: Local Effective in Need to be installed g N/A
ProCon Application, | unenclosed spaces| several levels for tall
Paint Shops | Swirling nozzle equipment.
Machine capabilities for mist
Tools, distribution.
Hydraulic Effective under
[Minimax, Units, Diesel| tough
2020] Generators | environmental
conditions.
7
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Securiplex: Machinery & | Air impingement Limited protection FM556071

Fire Scope Turbine creates droplets < | volume due to Turbine and

2000 Enclosures, | 200 m at low required compressed| Machinery
Local pressure. air storage. Enclosures
Application, | Full-scale tested in| No floor nozzle <260m?
Material 3 party research | applicdions. and5m,

[Securiplex, Handling applications for Limited success with | Local

2020] machinery spaces. | small, obstructed Application

fires.

VID Fire-Kill | Aircraft Approved for Floor nozzles must bg FM556071
Hangars, ceiling heights up tq installed flush with Turbine and
Local 12 mfor machinery | floor and risk being | Machinery
Application, | spaces. inoperabledue to Enclosures
Tunnels, Local application | movable obstructions| < 4,610 nt
Total nozzles listed up to| Large droplets do not| and 12 m
Flooding 11 mabove hazard. vaporize as quickly in
Machinery | Previous testing in | fire, potential for

[VidAps, Space aircraft hangars ang splashing of fuel.

2020] with floor nozzles.

aSee relevant manufacturer discussion in AnAdrr additional details.

°[7]

2.2 Intermediate Pressure Water Mist Systems

NFPA 750 defines an intermediate pressure water mist system as any system with an

operating pressure greater tHighbarand less thaB4 bar Intermediate pressure systems

can provide the larger water droplets at a higher velocity than low pressure systems.

Intermediate pressureater mistsystems require some specialized piping and fittthgs

to the higher operating pressure than typical gmcomponents.

Table22s ummar i

Z€es

manufacturerso

key

mist systems for protection against Class B, shielded pool fires. Many of the systems

Table 22 are FM approved for protection of data centers;storageHC-1 occupancies,

wet bench, industrial cookers, etc.; however, only approvals with Class B fire tests are

relevant to hangar applications.
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Table2-2 Intermediate Pressure Water Mist Systems Summary

extinguishing fires
between nozzles.

Manufacturer | Applications Advantages | Disadvantage8 ApprovalsP
Fike: Turbine and Successfully | Only available in two| FM55601
Micromist Machinery tested to Nitrogen cylinder Turbine
Enclosures, protect size configurations. | and
Hydraulic flammable Nozzles only Machinery
Piping liquid designed for total Enclosures
Equipment, processes. flooding. <260m?
[Fike, 2020] Chemical Can be wall or and4.9 m
Processes ceiling
mounted.
JCI: Aquamist| Turbine and AM10 nozzle | Limited in success | FM5560-
ULF (AM4 & | Machinery full scale extinguishing Turbine
AM10 nozzle) | Enclosures tested by U.S. | concealed pool fires.| and
Navy for ship | No floor nozzles or | Machinery
machinery floor applications Enclosures
spaces. have been explored. | < 1,280m?
Narrow mist and8 m
discharge has (only AM4
[Tyco, 2020] difficulty in nozzle)

aSee relevant manufacturer discussion in AnAdrr additional details.

°[7]

2.3 High Pressure Water Mist System

NFPA 750 defines a high pressuvater mist system as a system with an operating

pressure greater th&4 bar High pressure systems produce very fine water droplets

which are easily converted to steam to cool hot gases and locally displace oxygen. High

pressure water mist systeimagve hgher potential tdack the momenturmeededo

penetrate the fire plume intall ceiling application but are easily transported through

natural and forced air flow in the buildingy following air movement patterns, small

droplets from high pressure sgsts are not impacted by obstructions as much as lower
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pressure water mist systems. general, high pressure systeraquire specialized piping,

fittings, and power supply.

Table2-3

summar i

Zes

manufacturersbo

key

systens for protection against Class B, shielded pool fires. Many of the systérable

2-3 are FM approved for protection of data centers-stonage HEL occupancies, wet

bench, industrial cookers, etc.; however, only approvals with Class B fire tests are

included as relevant to hangar applications.

Table2-3 High Pressure Water Mist Systems Summary

Manufacturer | Applications Advantage$ Disadvantage8 | Approvals®

Danfoss: SEM | Machinery Tested to IMO Most widely FM5560i1

SAFE Enclosures, standards for used for marine | Machinery
Local marine applications. Enclosures <
Application, applications. No published 800m3and8
Metro Lines Floor level informationon | m

[Danfoss, Train Stations | application for nozzles.

2020] cable tunnels.

Fogtec Turbines and Full scale tested | Able to contain | FM55601
Machinery for tunnel fires up| but not Turbine
Enclosures, to 150 MW. extinguish tunnel Enclosures <
Tunnels, Paint | Rooms not fires. 270m3(no
Shops/Coating | required to be height limit

[Fogtec Lines, Storage | sealed. specified)

International, | and Production | Machinery test

2020] of Flammable video available.
Liquids. Successful in

tunnels up t® m

Hydrocore Turbine and 3 party witness | Not yet into FM55601
Machinery to full scale integrated in the | Turbine and
Enclosures, testing for tunnel | U.S. Machinery
Local fires 536100 MW. | No nozzle Enclosure <
Application, characteristics. | 260m*and5

[Hydrocore, Tunnels m, Local

2020] Application

JCI: Aquamist | Turbine and Optimized Not a lot of FM55601

Fog Transformer nozzles available| testing and Turbine and

1C
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Rooms, Diesel | for different capabilities Machinery
Engines and hazards. known by Enclosures <
Alternators, Cylinder or pump| company 260miand5
Paint Spray power options for| representatives | m

[Tyco, 2020] | Booth, Local system. or published on
Application website.

Marioff: Hi- Aircraft Test s un Floornozzles FM5560-

Fog Hangars, available for must be flush Turbine and
Turbines and hangar, shipboarg with floor and Machinery
Machinery machinery, and | aredifficult to be | Enclosures <
Enclosures, local application | retrofit into 1,375miand
Local protection. existing 11 m Local
Application, Full-scale tested | building. Application

[Marioff, Manufacturing, | by U.S. Navy for

2020] Flammable ship machinery
Liquid Storage | spaces.

Minimax: Machinery and | Approved for Effective in FM55601

ProCon XP Turbine enclosures with | enclosed spaces| Turbine and
Enclosures, ceiling heights up Machinery
Diesel t013.5m Enclosures <

[Minimax, Generators, Protection for 2,430m3and

2020] Hydraulic large spaces. 13.5m
Rooms

Phirex Aircraft Local Application| No third party FM55601

Australia: Hangars, tests effective up | reviewal or Turbine and

FOGEX Machinery and | to 11.1 m above | public test Machinery
Turbine floor. results available| Enclosures <
Enclosures, Ceiling only No commercial | 500m3and5
Military and aircraft hangar | floor nozzles m

[Phirex Naval protection with available but

Australia, Applications ceiling heights up| could be

2020] tol2m developed upon

No need for room| request.
sealing.

RG Systems | Local Wide variety of | No public test FM5560 1
Application nozzles for results available| Turbine and
Machinery and | adaptability of No known floor | Machinery
Turbine, specific hazards. | nozzles Enclosures <
Flammable Turbine developed or 260m3 and5
Liquids protection tested | available. m

[RG Systems,
2020]

to16 fire
scenarios by
SINTEF.
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Securiplex: Turbine and Worked with U.S.| No public test FM 55601

Fire Scope Machinery Armed forces to | data available. | Turbine
5000 Enclosures, protect aircraft Local application Enclosures <
Propulsion hangars withocal | nozzles for 1,200m3 and
Engines, application hangars are not | 11 m
Tunnels Aircraft | nozzle. floor mounted. | Machinery
Hangars Tested and Enclosures <
Securiplex, approved for use 500m?® and5
2020] by U.S. Navy and m
Coast Guard.
Ultra fog Aircraft Have installed No public test FM55601

HangarsTurbine | floor nozzles for | data or nozzle | Turbine and
and Machinery | aircraft hangars. | characteristics | Machinery

Enclosures, Approved for available. Enclosures <
Tunnels heights up td.2 1,329m?3 and
[Ultra Fog, m in machinery 12m
2020] enclosures.

aSee relevant manufacturer discussion in Annex A for additional details.
b Decaying pressure system only.

°[7

24 Hybrid Extinguishing Systems
Hybrid extinguishing systems use a combination of inert gas and water mist to extinguish
fire hazards. These systems are generally used in water seasgtgebecause they
utilize lower water flowrates Hybrid systems rely on inerting the atmosphere more than
water mist systems for extinguishment which poses challenges in unenclosed large open
spaces. Hybrid systenugilize piping for both water and inegias These systems
generallyoperateat low waterpressue, meaning ndiigh pressure water pumps are
required.

Table2-4 summari zes manufacturersd key aspe
systems for protection against Class B, shielded pool fires. Mang sf/gtemsn Table

2-4 are FM approved for protection of data centers;stonage HEL occupancies, wet
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bench, industrial cookers, etc.; however, only approvals with Class B fire tests are

included as relevant to hangar applications.

Table2-4 Hybrid Extinguishing Systems Summary

Manufacturer | Applications Advantage$ Disadvantage8 | Approvals®
Victaulic Turbine and Extinguishment Requiredarge | FM5580
Machinery aided by inert amount of Turbine and
Enclosures, atmosphere stored Nitrogen) machinery
Local through dense mis{ Larger openingg Enclosures <
Application, mixture. in room have | 3,600m3and
Picking Lines, Single emitter can | lower duration | 7.5 m
[Victaulic, Flammable protect up to/0.7 | of protection
2020] Liquid Storage | m°. afterdischarge.
JCI: Aquamist | Turbine and Two atomizers Requiredarge | FM 55801
Sonic Machinery create 1.5 trillion | amount of Turbine and
Enclosures water droplets per | stored nitrogen | Machinery
second. for atomization. | Enclosures <
Sidewall atomizers 1,040m? and8
[Tyco, 2020] are available. m

aSee relevant manufacturer discussioAnnex A for additional details.

°[7]

Chapter 3 Feasibility Analysis

3.1Feasibility Criteria

This report analyzes the feasibility of COTS water mist and hybrid technologies to

protect aircraft hangars given a pool or running jet fuel fkes s e s s i n g

each sys

feasibility is condicted by referencingrevious test data for class B fir@s;luding those

aspects related fwerformance in extinguishing obstructed fires, performance in

unenclosed spaces, nozzle characteristics, marketed applications, and relevant approvals.

Previousé¢ s t

dat a

assessi

ng

water

mi st syste

be utilized to demonstrate the potential capability of mist systems to suppress or control a
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fire in a hangar given the similarity in the type of fuel. Successful performance of
extinguishing obstructed fires demonstrates the capability and potential of a ceiling only
water mist system toavigate around obstructions, such as an air¢heéiugh moving

with airflow throughout the spade extinguish the firePerformance in largenenclosed
spaces demonstrates the lack of dependence on enclosure effects to extinguish a fire. A
large area such as a hangar cannot utilize enclosure effects; therefore, it is important to
ensurethenists y st emds exti ngui sdsedegs. Moezeper ti es
characteristics are needed for future modeling and allow mist systems to be compared
with those successful in similar market research applications.

Currently, there are no standardized tpedty tests for the protection of aircraft
hangarswvith water mist so no nozzle can be approved for this application. However,
nozzles that have been approved from tipiadty testing facilities, such as FM Global
(FM) and International Maritime Organization (IMO), still have merit for this
application. M approved nozzles demonstrate the rigorous testing nozzles and system
configurations have endured through component and fire testing. FM approvals for
machinery, turbine, and local application all involve combustible liquid fires, which
easily translateota fuel load in an aircraft hangar. FM approvals for Hazard Category 1
(HC-1), data centers, etc. still show the nozzle has successfully completed rigorous
testing but does not demonstrate the ability to suppress class B fires. Hazard Categories
are usedby FM Globalto determine the level of sprinkler protection needed for non
storage occupancies, HCcorresponds to the lowest overall combustible load rating

possible.
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IMO guideline MSC/CIRC. 116mpproval of equivalent watéased fire
extinguishing sgtems for machinery spaces and cgrgmp roomsdemonstrates a
similar level of protectiono FM approval 5560approvalfor machinery space protection
Both approvals require extinction olbstructed and neabstructedoolfires, sprayfires,
andwood cribfire scenariosIMO 1387, approval of fixed watebased local application
firefighting systemsis significantly less comprehensive than FM approval 5560,
approvalfor local application protectionMO 1387requires significantly less fire
scenaios to be testethan FM 5560 and approval basedIBt© 1387 does not directly
correlate tesufficient protection for lardbasedapplicationsComparing IMO approvals
to hangar applications must be carefully reviewed.

3.2 Down Selection Justification

After an initial review of COTS water mist manufacturers and their respective systems,
some manufacturers are excluded from further considerdtimy. are excluded due to a
lack of published information to verify the criteria in sect®hof this report odue to
nozzles designed for dissimilar fire load applicatidrtse following manufacturers are
excluded.

Viking, a fire suppression manufacturer, developed one water mist nozzle to
protect particle board presses where flammable liquids or wood shawngeaent. Due
to the singular nozzle application and lack of FM approvals, Vikiagter mistsystem
IS not considered feasible for hangar applications.

TomCO2 Systems, Deluge Supply Pte, and Shanghai Mansion Wananda Fire

Systems Co all have FM appralveater mist systems but have no published websites or
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data on water mist systems. Due to a lack of available information these systems are not
explored further in this report.

Kington Process Systems Ltd manufactures high pressure water mist systems but
Is limited in applications and is only FM approved for the protection of industrial olil
cooker s. Due to Kington Process Systemso6 f
is not evaluated further in this report.

NovencoFire Fighting has one FM approved water mist system, Xflow, for the
protectionof HE1 occupancies. All other applicatio
website are for the protection of various spaces on ships and tested to IMO standards.
Marine base@pprovals for these applications do not accurately translate tdéesedl
applications; therefore, Xflow is not evaluated further in this report.

TankTech is a fire suppression manufacturer based in Korea and has an FM
approved water mist system for turé and machinery spaces less tBéAcubicmeters
The TankTech website has no data sheets or application information and only contains
two product videos relevant to mist. Due to the low FM approval volume compared to
other mist systems and lack of puatlinformation this system is not evaluated further in
this report.

Siemens developed one hybrid extinguishing system, Sinorix H20 Gas, utilizing
nitrogen gas to propel water mist and inert the area. This system is marketed for the
protection of storagef combustible liquids and turbines; however, most installed
applications are for libraries, museums, and H@ccupanciePue to the limited public
information, lack of FM approvals, and focus on class A deep seated fires, this system is

not evaluated fher in this report.
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3.3 COTS Recommendations
Through a preliminary review of COTS water mist and hybrid extinguishing systems,
eight manufacturers were initially dismissed due to lack of public information, testing,
approvals, or dissimilar applicatisrjustification for dismissal is given in section 3.2 of
this reportFurther evaluatiomnvas performed on the remaining systems based upon
marketed applications, industry installations, test results, approvals, water mist
characteristics, and public liegure This evaluation is presented in chapter 2

Following the evaluationin Chapter 2Marioff, Phirex Australia, Securiplex,
Ultra Fog, and/ID Fire-Kill are identified as leading manufacturers who have marketed
water mist solutions for the protectiohaircraft hangars. With the exception of
Securiplex, all of these manufacturers have installed their respective systgpesating
industryhangas that have been approvedy | ocal AHJO6s. These app!
and dependent on the hangar configuration, assumed fuel load, and acdeyp¢hble
protection requiredOf these solutions, Mariof¥/ID Fire-Kill, and Ultra Fog are the
only manufacturers that have deveda floor nozzle solutions. Phirex Australia utilized
ceiling only protection for heights up to 12 meters. Securiplex designed a movable grid
system with local application nozzles to be placed under the aircraft for protection. This
system was designed @onjunction with the U.S. Armed Forces but was never installed
for undisclosed reasons.

Based upon the success of ceiling only water mist systems, Fike and Minimax are
included as potentially feasible for hangar applications due to their high ceilifg heig
FM approval. Minimax has similar mist characteristics toMagioff nozzle Cand is FM

approved for use in machinery spaces with ceiling heights alfbueetersFike utilizes
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the same nozzle 34D Fire-Kill , which has been utilized in hangar protectbutFike
has performed less testing with their system configuration.

Neither of the hybrid extinguishing systems are recommended due to the lack of
developed floor nozzles, importance of room integrity, and large storage requirements of
inert gas. Hyld systems rely on reducing the oxygen content in the vicinity of the
fire. In a large space such as an aircraft hangar, where the large doors may be open,
globalreduction of the oxygen concentration is not viabltherwise, because the droplet
size praluced from the nozzles is larger than that from water mist nozzles, the hybrid
extinguishing system will not have the cooling efficiency as that from a water mist
system with small droplets.

Table3-1 compiles available nozzle characteristics from gaahufacturer that
have either been used for hangar applicatiorrsee been identified as potentially
successfuin large open spaces. When available, water mist charactesigécgically
for hangar applications are cpited. When application specificharacteristics are not
available, information is taken from the FM approvals guide for machinery and turbine

protection
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Table3-1: COTS Water Mist Recommendations

Parameter | VID Fire -Kill Ultra Fog Securiplex Phirex Minimax Marioff Fike?
Australia
Nozzle | A B 2022090 F'rgoso%"pe FOGEX | MarneXP | C | D E A
Max[ﬂ]e'ght 12 | N/A 14 11 12 10.3 11 5 N/A 12
Operating
Pressure 16 8 100 51.7 100 60 50 50 75 162
[baiq
F'[C’L"I‘gﬁf‘te 224 | 282 209 151 6.4 151 275 127 | 182 22.4
K-Factor
[LPM/bar? 5.6 10 2.09 2.1 0.64 1.9 3.9 18 2.1 5.6
S‘E?nc]'”g 3x3 = 2x8 5x5 2.5x2.5 - x4 Ix4 | 4x4 | 25m 3x3
Video of floor General Tested by the| Installed at| Tested and Full scale hangar Video of
nozzletest instillation on U.S. Navy for| ceiling, 1 | approved to| testingreport summary, concealed
shows military base in machinery 12 m high, | IMO 1387. | showed 4 different firel spray fire
extinguishment Sweden; spaces, all for Not tested scenarios (under the| extinguished
of medium however, no ful fires protection | for successn mockup) to be by ceiling
Revi large pool fire scale resting extinguished | of fighter | extinguishing| extinguished within 3.4 only nozzles.
eview . . . : o ) ;
S in under 3 results or nozzle| inlessthan5| jets and obstructed | minutes of activation.| Simulations
ummary . . . - ) . L
minutes and | characteristics ar{  minutes. military fires. No Two fire scenarios in g of floor and
extinguishment publicly Coast Guat | helicopters.| floor nozzles.| difficult location were ceiling
of 1 m?JR8 available.Floor approved No videos unable to be nozzles
fire with pop-up nozzles system for provided. extinguishé but the | protection in
hangar doors| use same nozzlg spaces up to HRR wassignificanty hangar.
open. as ceiling nozzle| 4,500 n. reduced.

aFike shares nozzle with VID APS
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Chapter 4 FDSModels and Validation iulations

FDS simulationgreconducted t@assessheability of water mist tqrotect againget
fuel firesand determine fulkcale test criteriaWater mist systems considdri the FDS
simulations were based on the designs identified in the COTS feasibility anBlysito
time and resource constraints ottlyee nozzles developed by twanufacturersn

Table 31 are modelled.

4.1 FuelModel

4.1.1 FuelCharacteristics
The fuel load used in this model consists of military grad8 jH# fuel.JP-8 is composed
of varying percentages of hydrocarbon components, each of which has different thermal
properties and contributes to the overall material propesti@® 8. Due to thecomplex
compositionof JR8 a simple gas burner pyrolysis modahgle step combustion model,
and specified radiative fraction modekusedto simulate the fuello invoke these
modek, FDSonly requiresthe fuel mass loss raper wit area (MLRPUA) post
combustiorsoot yield and radiative fractiarAdditional information about the pyrolysis
combustionand radiatioomodelscan be found isectiond4.1.2and 4.1.3

Literatureand experimental resultsr the MLRPUA of JR8 provide a wide
range of values that are dependenparameters such &se depth of the spiljuantity
of liquid spilled,floor materia) and fuel temperatur@he MLRPUA value used in these
simulationsis determined by correlations in the SFREndbookandverified with
experimental results from NISTThe maximum MLRPUA is estimatday correlations

from Gottuk and Whit¢8],
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ac Y . T8t 1T p Eqg. 1
whereY'O, the heat of combustion of B andQ, the latent heat of vaporization of-JP
8, are defined iMable4-1. The MLRPUA forthe fire size of interesaccounting fothe
impact of fuel depth on the burning rateestimated by correlations from Gottuk and

White[8],

ac 6z zmeimp p AQPQ Oh Eq. 2

where 6 , the depth correctiofactor, Qf the mean absorption lengémdD, the

diameter of the spillare definedn Table4-1.

Table4-1: JP-8 values for MLRPUA calculations

YO 0 5 Of D ac ac
[kJ/kg [kJ/kd [m?] [m] [kg/s/n?] [kg/s/n]
42,800 441 0.6  3.I° 12 0.09 0.06

a[1q
°[11]

°[8]
dBased on assumed fuel spill size determined in section 5.2

Due to limited published datdye radiative fraction for 3B is estimated based on
radiative fraction values for keroseld& 8 is a kerosenbased fuel antlas similar
chemical and physical propertigskeroseneRadiativefraction values for kerosene vary
from 0.4 to 0.04 with variation in diameter frommilto 50m [9]. Given the large fire size
in these simulationsng radiant fraction between@ and 03 is feasible The soot yield
for JR8 is estimated based on soot yield values from experiments with dodeteacte

range from 0.010 0.2
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Large jet fuel pool fires, i.e. those with a diameter greater than 3 m, transition to
fully developed steady state fires after a transient péoitmiving the time tdull pool
involvement For jet fuel fires with diameters larger than 3 mttme tofull pan
involvementplus thetransient phaseanhave a duratiogreater than 100 seconds
duration[13]. Because activation of theater mist system with flame deters occurs
within 50 secondgsee annex B fadetection and activation justificatipra flame spread
rate is specified to model the transient behavior of the fire during activation. The flame
spread rate is a function of pool surface temperature and, dejtfor the purpose of

these simulations a single Table4-2: JP-8 Fuel Properties

value of 0.03 m/s is assumed FDS Input Statement Value
This flame spread value MLRPUA 0.06
o [kg/s/n?]

assumes liquid phase RADIATIVE_FRACTION 0.1

controlled flame spread over SOOT _YIELD 0.03

the surface of the pool for the SPREAD_RATE 0.03
[m/s]

time frame of interesiTable HEAT_OF_COMBUSTION 42,800
[kJ/kg]

4-2 summarizes the fuel
properties usd in the final fire engineering configuration simulations, described in

chapter 6.

4.1.2 Combustion and Pyrolysis ModBescription
Due to the complex composition of-8R user defined MLRPUA pyrolysis model is

employed forthe FDS simulation This model greatly simplifies the pyrolysis proseand
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neglectgshe materialproperties of JB. The modelprescribes a fixeMLRPUA of fuel
vaporat thepool surfacethat is independent o&diationabsorption an@missioneffects

The default single stepfinitely fast, mixing controlled combustion model is used
in the simulationsThe simple combustion model lumps all species present in the
simulation into either fuel, oxygen, or products of combustion. The nnedeires a
representative fuel chemical cpositionand positcombustion soot yieltb generata
balanced global combustion equatidhe representative chemical composition fof8JP
used in these simulatioms C11H21[11]. The combustion process assumes that inside the
flame region there is no air and outside the flame region there is no fuel. The combustion
model assumes infinitely fast chemistry, meaning the entire chemical reaction takes place
instantanecsiy at the flame sheet. This instantaneous reaction assumes that the mixing of
fuel and oxygemoverns the combustion proceésiditional details about the combustio
chemistry and relationshipetweernprimitive species and lumped species can be found in

the FDS technical reference guidi.

4.1.3Radiation ModeDescription

Due to the large grid cell size in comparison to the size of a flame sheet, the flame
tempeanture(Tr) in FDS is not accurately resolveg the grid.Consequentlythe
radiation source termffdependnce is not accurately predictedthe flame regionkor
this reason, FD§enerallyuses models to predict the radiation heat transfer
4.1.3.1Radation Model 1:Optically Thick, Specified Radiative Fraction

One of the radiation models used in the validation simulatiosedtion4.1.4 is the LES
default optically thick model with a specified radiatfvaction,which corresponds to

radiation model 3 in the FDS Users Gujdé&]. This radiationmodel prescribes a fraction
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of the global HRR that is emitted in the form of &tain from the fireThe radiation
modelonly uses this calculation for radiative heatissionin the fameregion, radiation
emissiomot in the flame region is calculated usthg temperature to the fourth power
dependencbased on average cell tempeara. The userspecified radiative fraction
times the global HRR gives the source term for#uiative transportquation.

Radiation absorptioand emission effectre governed by thebsorption
coefficient Ilhwhichis a function otemperature an@0;, H20, andsootmass fractions
The thermal feedback to the pool surface is a functidotifthe radiative fraction and
absorption coefficieniThe radiative fraction dictates the thermal feedback from inside
the fuel dome and theverage cell temperatudéictates the thermal feedback from the

smoke layeand soot particlesutside of the fuel dome.

4.1.3.2Radiation Model 20ptically Thin, Speified Radiative Fraction
Thesecondadiation model used ité validatiorsimulationsin sectiond.1.4and in the
final simulationsjs the optically thin model with specified radiative fractigrwhich
corresponds to radiation model 2 in the RD&ers Guidg12]. Thisradiationmodel also
uses the radiative fraction to determine the amount of radiant heat emitted from the flame
zoneandto calculatehe source term in the radiative transport equation

This modelneglects radiation absorption effectsfbycing the absorption
coefficient,ll, equal to 0The thermal feedback to the fuel surface is contrcitgely by
the radiative fractin; FDS doesnot attempt to calculate-absorption of energy bihe
products of combustio.arge hydrocarbon fires generally produce large amounts of soot
which absorb radiation and shield outer objects from thermal radidtiophenomenon

is difficult to replicate with large gridellsandspecifying an optically thimodel can
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prevent FDS from overestimatitige radiative heat transfer from the products of
combustion in the flame and smoke pludditional information about the two
radiation modelsind numerical solutions to the radiative transport equation can be found

in the FDS technical users guipg.
4.1.4 Fuel Validatiorsimulations

4.1.4.1SmallFire Tests’ Open Environment
The first validation simulation analgga 1 m diameter pool fire in the center & i x 6
m x5 m computatioal domain. The ceiling and the wati$é the domain arepen to the
environmentnd the floor is constructexd concrete. A grid size df0 cmis used in order
to resolve thelynamics at theool surface wittat leastlO grid cells An angular
resolution of 100 angles is used to solve the radiation transport equation.
Hydrocarborpool fires greater than 1 m inasheter are driven by radiation heat
transfer thereforeit is important tacorrectlycapture the radiant heat from the fire to
accurately determine tlgas phase interaction wlatermist with the flame sheen
order tovalidatethefuel mode| aseries of simulationsere conducted looking at the
absorption and emission radiation effects by analyzing the net heat flux at the pool
surfaceThese simulationgxaminethe relationship between soot yield, radiant fraction,
and thermal feedbackith ead radiation modefor a 1 m fire in an opeanvironment
Results of these simulations are providetignres 41 through 43 and are compared to
the expected net heat flatthe fuel surfacevhich isdepicted byadashed line. The
expected net heat fluiz estimated to be 32 kWfusinga heat balance at the fuel surface

with a 20 % increase to account for heat losses to the fugl pan
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ne pgz a¢ z'Q, Eq. 3
whered © ™ g—andQ 1 T Q0

Figures 4-1 and 42 show the net heat flux versus radial positonthe fuel
surfacefor simulations using radiation model 1, described in 4.1.Bigure 41 plots the
net heat flux at the pool surface farying radiant fractioswith a constant soot yield of
zera Figure 41 revealsthat as the radiant fraction approaches zero, the average net heat
flux due to gas radiatioreaches a constant value of approximaB€hkW/n¥. Increasing
the postcombuston soot yield will increase the net heat flux fréme minimum value of
30 kW/n?, attainedvhen assuming small radiation emission inside the flame aodie
assuming no soot production

Figure 42 plots the net heat flux at the pool surface for varying getd with a
constant radiant fraction of By setting the radiant fraction to 0 the radiation model
switches from the default optically thick with a specified radiative fractidhdo
optically thick with an unspecified radiative fractiorodel. Thismodel corresponds to
radiation model 4 in the FDS Users Gujd&]. These two models are identical in
emission calculations outside of the flame zone and absorption calculations throughout
the domain; however, this modslculates radiation emission insithe flame zone
based on the average cell tempematiihis plot proves thaas the soot yield increases the
net heat flux to the fuel surfacsesabove30 kW/n¥ due to additionaladiation
absorption and emission effecsaddedsoot particlesBased orthese results, the fuel
can be modeled hyodelling radiation inside the flame zone withsadepenénce by
specifyingaradiant fractiorof zerq andby specifying a low post combustion soot yield
of 0.01.
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Figure 4-1 Average net heat flux at pool surface venmagial distance from fire
origin. Varying radiant fraction and soot yield = 0.0.
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Figure 4-2. Average net heat flux at poalrface versusadial distance from fire
origin. Varying soot yield and radiant fraction= 0.0.
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Figure4-3 showshenet heat flux versus radial position the fuel surfacéor
simulationswith radiation model 2As described in 4.1.3.2 radiation modedrdy
accounts for radiatioamissioninside the flame ket ancheglectggasradiationemission
effectsandall radiation absorption effects at the pool surf8rxause the only
contribution to radiation from the fire comes from firescribedadiant fraction, as the
radiant fraction approaches 0 the net lileatto the surfacelecreasesrhese results are

shownin Figure 43. These results show thatdiationto the pool surfacean be more

a0

—— Radiant Frac = 0105 —8— Radiant Frac =0.1
0 —+— Radiant Frac =02 —&— Radiant Frac= 0.3

Net heat flux, kW/m?

-0.4 0.3 0.2 0.1 i} 01 0.2 03 04
Radial distance from origin, m

Figure 4-3 Average net heat flux at pool surface venmagial distance from
fire origin. Varyingradiant fraction and soot yield = 0.03.

accuratelypredictedoy neglectingabsorption effects; however, thmsodel neglectghe

physics associated with soot particle radiation absorption.
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The results fronthesevalidationsimulations provide two ways to model thelfue
which are outlined iTable 43.

Table4-3: Fuel Modeling Options

FuelModel 1 FuelModel 2
Radiation Model 1 (optically thick) 2 (optically thin)
RADIATIVE_FRACTION 0.0 01
SOOT_YIELD 0.01 0.03

4.1.4.2 Large Fird Open Environment
Following the results from the small diameter fire simulations, larger fire simulations
an open environmemireconducted using the two acceptable modeling methidusse
simulations provide an intermediate step to compare to the small fuationsbefore
examiningresults forthe final compartment geometry

This simulation analyzea 12 m x 24 npool firethat spreads radially &8t3 m/s
from the center of the pool a26 m x 26 m x 12 m computatioal domain.This
simulation uses greaterflame spread rate than the final simulations in chapter 5;
however, this changeffectivelyonly altersthe duration of growtlthe netradiation at
different fire sizes as tha¢ developsieviatedy less than 10 %om simulations with a
lower spreadate The higher spread rate allows a less computationally expensive
simulation to beeompared to the final configuratiohhe ceiling and the wallsf the
domain are open to the environment and the floor is constructed of concrete. A grid size
of 50 cmis used in order to resoltbe dynamics ahe pool surfaceAn angular
resolution of 100 angles is used to solve the radiation transport equation.
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The net heat flux at the pool surface versus radial distance from the fire center for
eachradiationmodel is provided ifrigure4-4. Theresults are averaged over the first 30
seconds of fire spreadhere the flameloesnotyetconsumehe entire fuebrea After
the first 30 seconds of fire spread the fire becomes very large and the heat flux to the
surface becomes significantly opeedicted. Because activation of the water mist will
occurbefore the fire covers B2 m x 18 m area, which corresponds to the spread within
30 seconds with 8.m/s flame spreadnalysis of thdirst 30 secondsf free burnings
sufficient. Fire model 1shows neheatflux values that are double those found in the
small pool fire testéi.e. 32 kW/n?). Fire model 2 shows net heat flux values comparable

to those found in the small pool fire tests.
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Figure 4-4 Average net heat flux #te pool surface over initial 30 seconds of flam
spreadversus distance from fire origfior 12 m x 24 m fire source, open burning

4.1.4.3 Large Fird Inside Hangar
The final step in fuel verificatiors to reviewthe results of the fire burning inside of the

hangar configurationlhis simulation analyzes B2 m x 24 npool firethat spreads
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radially at 03 m/s from the center of the poala 26 m x 26n x 12m hangamwith a 12
m X 7 m door openindsee section 4.1.4.2 for justification of this spread rate vAlne.
additional open mesh of 6 m x 26 m x 12 m is attached to the door opening to account for
air entrainment into the hangdrhe ceiling and the wallsf thehangarareconstructed of
corrugated metand the floor is constructed of concrete. A grid sizB@®Emis used in
order to resolve thdynamics at thpool surfaceAn angular resolutionf 100 angles is
used to solve the radiatidransportequation

Figure 45 plots the results of the neat heat flux versus radial position for each
fuel model burning inside of the hangar compartméhne results aranalyzed in a
similar manner taheresultsin 4.1.4.2 and the same conclusions can be made. Fire model

1 shows net flux values that are over double those found in the small pool figeests

140
—@— Fuel Model 1 —¥— Fuel Model 2
120 F
€ 100 }
™~
s
X
X 80 |
[
-
©
£
< 60 }
Q
[ =
Q
oo
40 }
2
<
20
o A L A A A A A A A
-10 -8 -6 -4 -2 0 2 4 6 8 10

Radial distance from origin, m

Figure 4-5 Average net heat flux #te pool surfaceover initial 30 seconds of flame spreat
versus distance from fire origior a 12 m x 24 m fire source in the hangar configuratior
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32 kW/n?). Fire model 2 shows net heat flux values comparable to those found in the
small pool fire tets.

Based on the results from the three validation simulations, fuel model 2 provides a
better representation of the fire scenafith simulations for the remainder of this report
will usefire model 2.
4.2 Water MistModel
Water mist nozzles are diftilt to simulate in FDSlue tothe complex atomization
process that occurs at the nozzle, the number and size of water droplets produced by the
nozzle, complex spray patterns and characterjstick of detailed spray
characterizationandcoupling of the gas phase and water rdisiplets

This section outlinedifferent models and devices used in FDS to simulate a
water mist spray andalidation tests conducted b@streplicatethreewater mistnozzles

givenlimited experimental test dafar spray characterization

4.21 Nozzle and.agrangian Particle Model Description

FDS has multiple options fantroducingparticles into the computational domain;
however, this project will only focus on introduction from a noz&leozzle is a ternni
FDS that has prdefined inpuparametersuch as initial velocity, spray anglefactor,
and pressure. These inparameterslescribe the initial conditions of water droplets into
the computational domaialues for the Kactor and pressure can ladeén from
manufacturer dat Values forinitial velocity and spray anglean beobtainedirom
experimental data wheavailable or estimated by numerical techniquesthdds to

estimate these values are discussed in settibf
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The spray angle in FDS sgifies two anglethroughwhich droplets are
introduced into the domaiMulti-orifice water mist nozzles can be modelled by placing
multiple nozzlest a single pointvith varying orientation based on the orifice direction
or by specifying a single nozzle with a complex spray patBoth techniques are used
in modelling different water mist nozzles in this report.

The particles are inserted into the domain at a prescréokal distance, 4, from
the nozzlealong the sphe created by the specified spray angResticlesareinserted at
a distance from the nozzie order toassume that the brealp of the water jet into a
spray is completdnserting the particles at a distance from the noaeteds numerical
instabilitesassociated with having all of the droplets originate in one grichnédllavoid
simulating the atomization process

Once particles are introduced into the domain they are tracked as Lagrangian
particles because they are too small to be resolvedeyumerical gridWater mist
nozzles produce millions of water particles per second; however, it is too computationally
heavy to track every particle from a nozZesinglenumericaldroplet in FDS represents
a collection ofphysicalwater dropletsvith smilar characteristicgn an actuawater mist
spray.The position and acceleration of the particle are determined from the following

equations

— 0 Eq. 4

6 606 o Eq. 5
where u and gprepresenbulk particle and gas velodds fora given grid celand Ao cis
the cross sectional area of the partidlee drag coefficient ia function of the local

Reynolds numbdpased on particle diametand is given as
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The local Reynolds number is a function of the bulk gaiticle and gaselocity,

corresponding to the fact that FDS assumes that the particles in a cell represent a bulk

mass dragging on the gas.

In cells where the local droplet volume fraction is less than-1kD®B neglects
aerodynamic effects between particles and assumesayaoupling between
Lagrangiarparticles andthegasphaseIn cells where the local droplet value fraction
exceeds 1xIPadrag reduction model is automatically activated in FDS. This model
accountdor aerodynamic interactiorisetween particlesy modding the drag on a

trailing particlewith a reduced drag coefficient
0 0f2—, Eq. 7

where Gis the single particle drag coefficient and FAgRhe hydrodynamic force ratio

of the trailing particle to an isolated particle. A full description of the hydrodynamic force

ratio can be found in the FOX8chnicalreferenceguide[4].
An important characteristior water mist nozzles is the size and distribution of
waterdroplets produced he default droplet size distributiam FDSis theRosin

Rammier lognormal distribution,

Y —Qon —-00 0 O;
00 o i he Eq. 8

D QN T Wb
Vg

hs
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where Do.5is the volumetric median diametand [ and, areempiricallydetermired
to be 2.4 and 1.15/respectivelyThel and, parameters can be user controlled to
change the width of the distribution, the user can definerbatid, ; howeverby
default, =1.15// to ensure a smooth transition between the two functiinsther
method ofinputtingthe droplet size distribution is by a user specified cumulative number
function (CNF) Each of these two methodeseusedto describe droplet distributions for
different noztesin the following sections

The Lagrangian particle model is coupled with LES governing equations through
bulk cell values, summing all of the water mist in a given grid cell and dividing by the
volume.Additional detailsand complete equations fortisfer of mass, momentum, and
energy of Lagrangian particles can be found inRB&technical reference guidd][
4.22. Water Mist Characteristic& Validation Simulations
Due to time constraints only twdlD Fire-Kill nozzlesand one Marioff nozzlare
modelled in thistudy. Each of the water mistozzleshave different spray characteristics
and each nozzleas differenexperimental datéor validation Each nozzle is
characterized and validated basedwailable informatiorand previous testing

Before delving into the characterization of each ngzzhaulations to verify the
particle terminal velocity and air entrainment were conduateticompared to hand
calculationsResults of these simulations can be foundppendix C.The results verify
that FDS is able to predict the terminal velocity of the particles giverqon@scent gas

conditions due to air entrainment through dioivation of the water mist nozzle
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4.2.21 Nozzle A

Nozzle Ais aceiling mountednulti-
orifice low pressure water mist nozzle
developed bwID Fire-Kill . The
nozzle containg orifices one oriented
directly downwards anfl oriented at a
45-degree anglas shown irFigure 4-

6. These orifices are modelled in FDS

using a single nozzle and a spray

pattern table assuming equal flow out Figure 4-6 Nozzle A spray head image

of each orificeThe kfactor and pressui@etaken fom the product data sheetbe
uanz—m and 16 bar respectivelyhe spray angle of each nozalas taken from

manufacturedatg eachorifice has an equal spray angle of 80°.
Previouslyacquiredexperimentbhdataon this nozzle has beeollected, bythe
RISE Research Institute of Swederhich characterizé the water mist spray through
interferometric techniqued heresultsof the reporinclude thedroplet size distribution
andaveragevelocity at a locatioz = 300 mm downstream ofdtexit nozzle and r =0
mm from the spray axisThe experimental data wasllected at a fixed injectiopressure
of 16 bar.Validation simulations in FDS compare results obtained with the PDPA
diagnostic in FDS to the resultstbie RISEexperimentatiata
A series of simulations were conducted to determine the input parameters for the
offset initial velocity, and droplet size distributioiach validation simulation is

conducted in a 3 m x 3 m x 3 m domain with a grid size of 0 A grid analysis, wtah
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can be found in Appendix D, determined negligible discrepancies between a grid size of
5 cm and 10 cm for this nozzall of the boundaries except for ZMAX ao®nstructed
asopenvents The flow is represented B/10* droplets per secon@hese simudtions
useahighernumber of droplets to represent the flow than in the final simulations. The
number of droplets was decreased in the final simulations dbeltgh computation

time associatedavith anincreasediumberparticles The nozzle is located 0.1 m below the
ceiling in the center of the domaifihe humidityis set to 100 % to prevent evaporation

of droplets for the duration of the simulati®imulations varying theftsetvalues from

0.1 m to 0.3 mwith a monodisperseéropletdiameter of 80 um and initial velocity 20
m/s,impactedthe velocity resultslownstreanby less than 25 percent. An offset value of
0.3 m was chosepecauséhe experimental data was taken at this location and the input

parameters can lskeveloped bsed on the experimental results
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The droplesizedistribution was determined from the experimental data and
inserted with a user specifi€@NF. Figure4-7 shows the measuré&NF from the RISE

reportversus theCNF predicted by FDS
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Figure 4-7 Cumulative Number Function predicted by FDS and measured by RISE faaport
Nozzle A

The maximum initial velocity from the nozzle can be estimatetheynodified

Bernoulliequation

) Eq. 9

to be 57 m/s. ThRISE data found thaverage velocitgf particlesat a location 300 mm
downstream of the nozzte be0.8 m/s. A series of simulations were conducted varying
the initial velocityat the offset value of 0.3,nwith the specified droplet distribution

shown in figure 48, from 0.5 m/s to 50 m/$zigure4-8 plots the average velocity versus

heightfor the varyinginitial velocities.
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Figure 4-8 Averagevelocity versus height for varying initial velocityr Nozzle Awith offset =
0.3., and specified CNF droplet distribution
The results show that an initial velocity less tBan/syieldsthe best accuracy

with the experimental data and initial velocities greater than 10 m/s begin to converge
downstream of the nozzle. Although the low velocitiegtichthe RISE data more
accuratelyinserting droplets at thslow speed neglects the transfer ofmemtum that
occurs between the water mist nozzles and thédditionally, initial velocities from 5
to 20 m/s are less than a factor of 2 overpredjgaen the uncertainties associated with
eachof the measurementsisis within reasonable errofor thesereasos, 10 m/s was

chosen as the initial velocitgput The finalFDSinputs forNozzle Aaresummarized in

Table4-3.
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Table4-3 FDS Input forNozzle A

k-factor Operating V_0O %0 Number of Droplet Size o
[L/min/bart’?]  pressure [m/s] [degrees] Perimeter Distributior?  [m]
[bar] Micronozzles &

Orientation
5.6 16 10 80 6 See figure 0.3
4-7
45°

aUser Specified CN

4.2.2.2 Nozzle B

Nozzle Bis alow pressure, mukHi
orifice floor pop up nozzle,
designeddy VID Fire-Kill
specifically for aircraft hangar
protection.The nozzle contain®ur
orifices, one centered facing directl
horizontal, and 3 oriented at&-
degreeangle as shown iRigure 4

9. These orifices are modelled in

Figure 4-9 Nozzle B spray head image

FDS using a single nozzle and a

spray pattm table assuming equal flow out of each orifice. THadtor and pressume

takenfrom the product data to sheet to be—lezm— and 8 bar respectiveliffhe spray

angle from eaclmicro-nozzle is assumed to be equadl avasestimatedy analzing

spray imagesvith the softwardmageJ.The spray angle was found to ®@degrees.
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This nozzle has had no previous experimetitapletcharacterizatin. Input
values are determined through hand calculation estimatetesaiil/e testing in FDS
Eachmonodispersegalidation simulation is conducted irban x 3 m x1.5m domain
with a grid size of 0.1 mA grid analysis, which can be found in Appendix D, determined
small discrepancidsetween a grid size of 5 cm and 10 fanthis nozzlewith
monodisperse droplets and significant discrepancies between a grid size of 5 cm and 10
cm for this nozzle with a droplet distributiofll of the boundariesexcept for ZMAX
and ZMIN, areconstructed obpenvents The flow is represeted by 5*10 droplets per
secondThese simulations usegaeatemumber of droplets to represent the flow than in
the final simulations. The number of droplets was decreased in the final simulations due
to thehigh computation timassociatedavith anincreasechumber ofparticles.The
nozzle iscentered.2 m abovetheground, 0.1 m from XMIN, and oriented in the
positive x directionThe humidity is set to 100 % to prevent evaporation of droplets for
the duration of the simulatioimitial tests variedhe offset value from 0.1 m to 0.3 m
with monodisperse droplets of 150 uamd an initial velocity of 35 m/dhe results
found less than a 25 % difference in the nearfreldcity results and no discrepancy for
the velocityfurtherthan 1 m away from the nozzle. An offset value of 0.1 m is used for
characterizationf this nozzle.

The initial velocity is estimated by assuming equal flow out of each nozzle

0 120 Eq. 10

where Qual, the total flow from the nozz)és 471g/s. This equation gives a constant
flow of 117g/s from each micrmozzle. The corresponding velocity can be detegchin

from a conservation statement,
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W Eq. 11

z_7

where” is the density of wateand d is the diameter of the miemozzle.The diameter

of thecentemicro-nozzle is 20 mm, and the diameter of thgerimetemicro-nozzles are
2.8 mm. Solving for each velocity based on thiameterof the orifice gives 38 and 20
m/s respectively for the center and perimeter nozZlesse inital velocity values are
checked against the velocity estimate usheymodifiedBernoulliequation equation 9,
which gives 40 m/s. Thisonfirmsthat the center nozzle is agreement withhe

Bernoulli equation estimate and the perimet@ro-nozzles have a lower velocity due to
the larger orifice size.

The only spray distribution data for the nozzléhiat Dveo is less than 350
microns.The defaulFDS RosinRammer Lognormal distribtion is used to estimate the
droplet distributionlterative testinghitrough small scale extinction simulations compared
to experimental extinction data was completed to determingigtrébution
characteristics. Theedian diameter, gamma, and sigmathar distributiorwere
determined to b200microns 2, and 1.7 respectivelyhefinal assumed CNF for this

nozzle is shown irigure4-10.
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Figure 4-10 CNF and CVF folNozzle B

The smalscale extinction simulations were conducted fmax5m x4 m
domain with ahybrid grid size of 005m below3 m in the space and 0.1 m ab@mn in
the spaceThis hybrid mesh is due to the grid dependency of the neaitiea droplet
distribution, ashown in Appendix DA 1 m diameter M8 fire sourcewith
characteristics as outlined in section 4slipcated irthe center of the roormndfour
floor nozzles were equally spaced around the fire at 2 m x 2 m spabegpray is
represented by 2*T@roplets per secondhe extinction model for these simulations
used the default LOdf 0.135 aCFT of 1527°C, an AIT of 330°C everywhere in the
domain and a fuel surface temperature ramp for ignition. Defaileach of these inputs
can be found in section 4.3.

TheFDS simulation for this nozzieould be improved witlexperimental
characterization of thnozzleand a droplet size distribution analySise final FDS

inputs forNozzle Bare summarized ifable4-4.
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Table4-4 FDS Inputs for modelinijlozzle B

k-factor Operating V_O %0 Number of Droplet Size ro
pressure Perimeter Distribution?
[LUmin/bar’q  [bar]  [m/s] [degrees] Micronozzles p., = [m]
& Orientation  ym]
10 8 35° 60 3 200 2 058 0.1
20° 45°

adefaultRosinRammnier Lognormal distribution
bcenter nozzle
¢ perimeter nozzles

4.2.2.3 Nozzle C

Nozzle Cis a ceiling mounted, muftirifice high pressure water mist nozdeveloped
by Marioff. The nozzle containsineorifices one oriented directly downwards aight
oriented at 80-degree angle. The orifices are modelled in kBBgnineindividual

water mist nozzles with varying orientations located at a single.@dietkfactor and

pressure are taken from the product data sheet to be—?ﬂg— and 70 bar

respectively the kfactor of each individual micro nozlis assumed to be 0.433

- , Which is consistent with assuming equal flow out of eadice.

Due to time constraints a full analysis of this water mist nozzle was not possible.
Detailed characteristics were taken froravious VTT research projeld4]. The VTT
research found the results of thigh-pressuraiozzle to be highly gridependentA

series of simulations were conducted/erify similar results to the previous VTT results
and verify if the grid dependency still exists in newer versions of. FB& simulations
wereconducted in a 0.5 m x 0.5 mb& m domain with varying grid sizes notedThe

nozzle is placed 0.1 mdm the ceiling and all boundaries, except for ZMAX, are

composed of open venfEhe flow is represented ly10° droplets per seconih
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accordance with the VTihputs The simulations only characterize one singular
micronozzle of the mukorifice nozzle By default, PARTICLE_CFL = .FALSE. in FDS,
which means that particles can traverse more than one grid cell in a time step. Due to the
high velocities associated with the high pressure npPARTICLE_CFL=.TRUE. must

be specified to accurately resolve #pray near the nozzl€his diagnostic is used for all

future simulations with this nozzle.

Figures4-11 and4-12 show the results of the nozzle obtaingth VTT inputs

compared to experimental data. These results match within reasonable erroesuitse

published by VTTand are still very grid dependdii#].
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Figure 4-11 Velocity versus radial distanc& m kelow the nozzldor varying grid size$or
Nozzle C
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Figure 4-12 Diameter(D10) versus radial distancel m below the nozzlfr varying grid sizes
for Nozzle C

The FDS inputs for a single micramzzle are summarized irable 45. The
multi-orifice Nozzle Cis created from 9 micraozzles located at a single point with
varying orientation vectors based on the nozzle configuration described above.

Table4-5 FDSInput for Single Micronozzle Mlulti-Orifice Nozzle C

k-factor Operating Vo %o Number of Droplet Size ro
pressure perimeter Distribution?
[L/min/bar/?] [bar] [m/s] [degrees] micronozzles Dwso | . [m]
& Orientation [um]
0.433 70 118 24 8 79 226 05 0.1
30°

adefaultRosinRammier Lognormal distribution
4.3 Extinctionand EvaporatioiModel
For water mist nozzles extinction and evaporation are closely refaedver, it

Is important to note that these processes involve two separate models in FDS. This
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section will explain how extinction and evaporation are modelled by FDS and report the
results of erificationsimulations for each modgidividually.

Because FDS was initially developed for modeling combustion in well ventilated
conditions, the extinction model is quite simplified and can sometimes be hindered by the
default combustion conditionExtinction in FDS with a prescribed MLRPUA and
default mxing-controlled combustion model predicts extinction as a binary prdeess.
reality extinction with water mist is a complex process that involves temperature
reduction due to evaporation, localized oxygen depletion through expansion of water
droplets dung evaporation, reduction in the fuel pyrolysis rate due to redeced
radiation to the fuel surfa@nd radiation attenuation, and direct cooling of the fuel
surface. The importance of each of these extinction effects is weighted differently
depending othe nozzle characteristics, room configuration, anddbatacteristics

In an open environment where global oxygen reduction is not possible, the main
extinguishing mechanism of water misflame coolingdue toevaporatiorand subgrid
scale kinetieffects. Therefag, for the configuration of interest, with no enclosure
effects, it is sufficient to govern extinction conditiomsth the simplified models in FDS

which are based on fuel content, oxygen content, and flame temperature.

4.3.1 Extinction Model Description

There are two extinction models available in Fbh8wever this research will only focus
on Extinction Model 2ExtinctionModel 2determines if combustion is viable in a given
grid cell based on thieitial temperature, oxygerontent and fuel contentf the oxygen

and fuel at the initiagrid cellconditiors can raise the temperature of the grid cell to the
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critical flametemperaturethen combustion occurs in the callthe given time stepf the
oxygenand fuel at the initial temperature cannot raise the temperature of the grid cell to
the critical flameemperaturethen local combustion does not occur ia grid cellfor

the given time ste=DS interprets the critical flame temperat(@&T) as a function

based on the limiting oxygen index Table4-6 FDSExtinction Criterialnputs
. LOI CFT

(LOI). For the purpose of this research [mol/mol] [°C]

the default LOland a modified CF&re 0.135 1527

used for extinctiorriterig values fo these criterimreshown inTable4-6. The theory
behindthe critical flame temperature can be found in Bé&glehapter of the FPE
handbool 9] and technical details of the critical flame temperature and limiting oxygen
indexrelationshipwithin FDScan be found in the FD@&chnical reference guidd].

In its default setting FDS assumes that everywherevAmdrand oxygen mix
combustion occurslespite the locakmperatureThis assumptionis sufficient for welt
ventilated combustion problems; however, this can impact the extinction model and
combustion can unphysically begin in a grid cell that had previously been extinguished
and cooled to ambient temperatwieenfuel reachesufficient oxygen.To stop
unphysical burning of fuel and oxygan auteignition temperatur€AlT) of 310 °Cis
specified everywhere in the domain and an increased fuel surface temperature is used for
ignition. This AIT is higher than values found in literature for@Bnd was determined
through iterative extinction tests wiNozzle Bcompared to experimentdhta.The AIT
is grid dependent araimulations withgrid sizedess than and greater tha@ cmin this

reportuse a modified AIT
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By implementing an AITFDS no longer assumes everywhere fuel and oxygen
mix combustion occurgonsequentiyan ignition sarceis no longer assumed. A fuel
surface ramp function is used to facilitate ignition of the pool Tine fuel surface ramps
up to 700 °C for the first 8 seconds of the simulation and then ramps down to the
flashpoint of JP8, 38 °C for the remaining wration of the simulatiorirhe fuel is
assumed to be at the flashpoint because this grésestuel temperature that facilitates
liquid phasecontrolledflame spread over the fuel surfaéelditional information about
the AIT, fuel surface temperatyrand extinction model can be found in the FDS users
guide[12].
4.3.2 Extinction Model ¥rification Simulations
A series of simulations were conducted to verify the extinction modefteduced
oxygen environmeniThe simulations model a 1 m diameter pool fire located in the
center of the domain, a vent blowing varying mass fractiomstraigenlocated at the
XMIN boundary and an open vent located at the XMAX boundarifal conditions for

the vent source are specifiedliable4-7. The 144047 Blower Vent Inputin FDS

vent activates at t = 15 seconds to allow Vo

-05
[m/s]
adequate prburn time before extinction Y no 0.0-0.45
conditions are reache@he mass fraction of Y air 0.551.0

nitrogen is varied between the values specificu

in Table 44 for various simulation® find the extinction limitAll other walls are
adiabatic, and the humidity is set to 0 Phe fuel source is 3B, asoutlinedin section
4.1, with amodified MLRPUA of 0.015 kg/n/s,an AlT of 310 °C, and a fuel surface

temperature ramp used for ignitiomhe simulations are conducted iBa x 3 m x 3 m
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compartment with a grid size of 0.1 m to accurately capture the dynamics at the pool
surface An angular resolution of 100 angles is used to solve the radiation transport
equation.

Figure 413 shows the combustion efficiency of the reaction as a function of
incoming oxygen mole fraction from the vent surfablee combustion efficiency is
defined aghe average measured HRR in FDS divided by the expected HRR, 500 kW.
When the incoming oxygen mole fraction decreases below 0.135, complete extinction
rapidly occursand the combustion efficiency reaches z&when the incoming oxygen
mole fraction is abee 0.135 complete combustion occarsl the combustion efficiency

reaches 1006.

09 | ,
08 | d
07 } 1
06 | 1

0s } '

04 |

03 } /

Combustion Efficiency

02 4

01 | 1

] 0.105 0.126 0.1365 0.147 0.21
Oxygen Mole Fraction, mol/mol

Figure 4-13 Combustion efficiencyersus oxygen mole fraction in the incoming oxidizer stream
These simulations demonstrate that a limitation of the specified MLRPUA
pyrolysis and mixing controlled combustion model is that extinction in FDS is modeled
as a binary process. When conditions in the space are viable complete combustion occurs

and when onditions in the space are unviable complete extinction occurs.
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4.3.4 Evaporation ModeDescription
The evaporation model in FDs®lves a series of equations to determine the droplets in a
grid cell that evaporate and form the gas spétidsring a givertime stepThe mass

and energy transfer between the gas and liquid particle are described by

— 0 Q" wp Gf Eq. 12

" " p Wp Z— Eq. 13

— —— N 0FyQY Y 05Q7Y Y —Q Eq. 14
— —O0RQY Y — Qy Qj Eq. 15

where m, A, h, Rk, T,”, and c represent the mass, surface area, heat transfer coefficient,

mass heat transfer coefficient, temperature, density, and specific heat respectively. The

subsc i pt 6gd represents the average gas quan

Ssubscript O60pd represents the particle quan

guantity, afd tapresbdstsiphrenccyapstios peci es
The evaporation model in FDs®lves the set of equations describing mass and
energy transfer between the gas and liquid as a set of coupled implicit equations over the
course of the gas phase time siBpe liquid equilibrium water vapor massdt@n is
obtained from the ClausitSlapeyron equation and the mass transfer coefficient is
described by a series of empirical relationships based on the Spalding mass transfer
number, the low mass flux Sherwood number, and the binary diffusion coeff&sitrik
description of the evaporation model and equations for the liquid equilibrium water vapor
mass fraction and mass transfer coefficient can be found in the FDS technical reference
guide[4].
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The evaporation rate is determined as a function of the liquid equilibrium vapor
mass fraction, the local gas phase vapor mass fraction, the (assumed uniform) droplet
temperature, and the local gas temperattieen the temperature of the surrounding gas
Is sufficiently high, the evaporation rate is limited by the mass of liquid droplets entering
the spaceConverselywhen the temperature of the surrounding gas is low the
evaporation rate is limited by the saturated watgror mass fraction.

4.3.5 Evaporatn Verification Simulations

A series of verification simulations were conducted by modifying the input conditions of
water evaporation_4rom the FDS library of examples. The simulations are conducted
with the default configuratior8 m x 1 m x 1 m domaiwith a grid size 00.1 m The
radiation solver is turned ofA hot air vents located at XMIN and an open vent source
located at XMAX, all other walls are considered adiabdtn® hot air venhas varying
conditions foreachsimulation which are dested below A constant mass flow rate of
0.05 kg/sof particleswith uniform 20 micron diameter are introduced into the dorfain
m away from the hot air sourcEhe particles are considered static in the spacehand t
number of particles representing the flak@smodifiedfrom the default options 100
particles every 0.01 seconds.

The hot aiventtemperatureandmass flowrateof air were varied to verify the
energy transfer and mass fraction of water vapor piedin FDS to expected results

based on hand calculatiori$e expectedhass fraction of water vapor is predicted by
@ _— Eq. 16

where the evaporatiomte is taken from the HRR output file and the mass flow rate of air

can be determined based on the specified initial velatitige vent sourcd he expected
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energy transfer can be predicteasbd on the steady state temperature in FDS and the
mass flow éair
YO & zozVYY Eq. 17

whered s situationdependentc is assumed to constant at 1 kdka@ndY"Yis the
temperature difference measured in FD&en energy difference between the enthalpy of
thegas before water droplets enter the domain and the steady state value after droplets
evaporatean be compared to the enegpnsumedhrough the temperatuohangen
Equation 13 to give the estimated heat flow

Figures4-14 and 415 show the resulta/ith a hot air temperature @00°C and
incoming air mass flow rate 6742kg/s corresponding to an initial velocity of 1 m/s
The dropletevaporate from the spaaeroughly the same rate as they enter the space.
The water vapor mass fraction is estimated @63y Equation12. The equilibrium gas
temperature in the space is measured as 47 °C. The heat flow at equilibrium conditions is
estmated to b&6 kW, by subtracting the valuebtained withEquation 13 from the heat
flow without water droplets presenthe results show that values measured in FDS

match hand calculation estimates.
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Figure 4-14 Mass Fraction of Water Vapor in air flow versus time for simulation with mass flow
rate of air0.742 kg/s and incoming air temperature of 200 °C
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Figure 4-15 Heat flow of air versus time for simulation with mass flow rate of air 0.742 kg/s and
incoming air temperature of 200 °C

Figures 4-16 and 417 show the resultsf the simulationsvith an incoming gas
temperature 0500 °C andincoming air mass flow rate ofZB kg/s, corresponding to an
initial velocity of 0.5 m/sThe droplets evaporate from the spateughly the same rate
as they enter the space. The water vapor mass fraction is estimated as E4q8ation
12.The euilibrium gas temperature in the space is measured as §hé®eat flow at
equilibrium conditions is estimated to b8 kW, by subtracting the valuebtained from
DISTRIBUTION E: Distribution authorized tc?4DoD Components only. Administrative or
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Equation 13rom the heat flow without water droplets presdititese results show that
with varying temperatures FDS is able to prediaporation and heat transfer between
water droplets and ai&mall discrepancies in thestimated valueand FDS predicted

valuescan be decreased with a larger number of particles representing the flow.
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Figure 4-16 Mass Fraction of Water Vapor in air flow versus tifoesimulation with rass flow
rate of air 0.23 kg/s and incomingy @&emperature of 500 °C
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Figure 4-17 Heat flow of air versus time for simulation with mass flow rate of air 0.23 kg/s and

incoming air temperature of 500 °C
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Chapter 5 Model Inputs

The final simulations conducted in this research pr@sséesshe impact of each water

mist nozzle on a fulscaleJR-8 pool fire in a mock DoD hangar of intere$his chapter
outlines the combination of inputs for each of the final engineering coafigar

simulations based aheanalysis in Chapter 4. The final configurations assess the impact
of activation time on the performance of each water mist system and compare high
pressure versus low pressure ceiling nozzle and ceiling level dischargeficasieyel
dischargdor protection of an aircraft hangar

5.1 Compartment Geometry

Theengineering configuration of interestans F35 aircraft maintenance hangar. The
hangar dimensions a@®m x 26 m x12 m with &4 m x 7 m door opening on one sid

The full dimensions of the sample hangar can be found in Appé&ndike FDS model
includes an additional outdoor mesh2éfm x 6 m x 12 m to correctly account for the air
entrainment through the hangar door. The hangar is constructed with a cdooreded
corrugated metal pahealls, the thermal properties used to model these materials in FDS

are shown imable 51.

Table5-1 Hangar Construction & Obstruction Thermal Propert[d$-19]

Conductivity  Density Specific Heat Thickness

[W/m/K] [kg/m?] [kJ/kg/K] [m]

Concrete 1.8 2200 1.04 0.1
Metal Panels 52.0 7800 0.47 0.2
Composite 1.2 1514 2.2 0.0032
(IM7/RM3002)

Carbon Steel 36 7753 0.48 0.05
Steel SN400 53 7851 0.52 0.006
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Inside the hangar is a modp F35, fighter aircraft. The purpose of this
obstruction is to assess the incident heat flux to the surface of the plane throughout the
duration of the simulation. The dimensions are approximated based e85aair€raft;
however, the plane is created wiflartesian grid cells and lacks the curvature of a real
aircraft. The simulated model has a wingspan of 11 m, a length of 16 m, a fuselage height
of 2 m, and a tail height of 4 Fighter aircraft are composed of multiple niatis but
one of the major compositions that has the most stringent thermal exposure criteria is a
composite. For the purposes of this simulation the plane is assumed to be composed
solely of a composite material. The thermal properties of the selectgubsenmaterial
are shown in Table-5.

Four electrical boxes are arbitrarily placed on various walls of the domain to
measure the heat flux tepresentative wall targeis the hangar during a fire event. The
electrical boxes are assumed to be 0.4 n8x10x 0.8 m in size and are composed of
carbon steel. Thermal properties of carbon steel used in the simulations are shown in
Table 51.

Three representative structural steel members are strategically placed along the
ceiling and walls of the hangar toptare the impact of the fire on the masnsitive
components of the structural steel members. The most fragile component was taken to be
the thinnest dimension of an ASTM A572 steel channel member, which is 6 mm.
Thermal properties of structural steel dise this simulation are shown in Tableland
are assumed equal to steel SN400.

Figures5-1 and 52 show theSmokeview animation of the hangar compartment
from various viewpoints.
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Figure 5-1 Smokeview animation of hangar configuration, view from YMIN

Figure 5-2 Smokeview animation of hangar configuration, view from XMAX

5.2 Design Fire

The design firescenario for this analysis assumes a ft@3uel tank {0,900 1) that is

ruptured during maintenance and produces a fuel@mjlinatingunderneathhe left

wingof the aircraft. The spill size is confi
standad trench system is installed on the floor. Because of the large volume of fuel and

the oneminute extinction criteria imposed by the Air Farttee fuel spill is assumed to

be constant in size and of uniform depth for the duration of inté&testddition&
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combustible items in the hangar are assumed to catch fire due to the minimal impact of
small combustible objects on the fire intensity.

The fuel is modelled with the final input parameters as determined in section 4.1,
with the inclusion of al\IT andsurface temperature ramp for ignition as described in
section 4.2The fire spreads radially from the center of the pool fire (except for
simulation 1b for Nozzle B)T'he final fuel input conditions are summarized in Tab® 5

for reference.

Table5-2 Fuel FDS Input Values foFinal Simulations in the
Hangar Configuration

FDS Input Statement Value
MLRPUA 0.06
[kg/s/n]
FORMULA CuH21
RADIATIVE_FRACTION 01
SOOT_YIELD 0.03
SPREAD_RATE 0.03
[m/s]
HEAT_OF_COMBUSTION 42,800
[kJ/kg]
OPTICALLY_THIN .TRUE.
AUTO_IGNITION_TEMPERATURE  300-33C*
[°C]
CRITICAL_FLAME_TEMPERATURE 1527
[°C]
TMP_FRONT 700> 36°
[*C]

aAlT varies based on the grid resolution in each final simulation;G00
corresponds to dx = 0.2 m, 310 corresponds to dx = 0.1m, 330
corresponds to dx = 0.05 m

bSurface temp starts &0 °C and ramps down &6 °C after9 seconds
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5.4Nozzlelnputs and Spacing
The nozzle inputs for each simulation are based on the validation simulations outlined in
Chapter 40ne parameter not thoroughlgsolvedin this report is
DROPLETS_PER_SECOND. A small analysis on the effect of droplets per second was
conducted using small scale extinction simulations with Nozzle B. The results of these
simulations showethrge variations in results witke$sthan 20,000 aplets per second
representing the flow and convergence of results mithethan 20,000 droplets per
second representing the flow. These results conclud&ltzaie Bmust be represented
by a minimum of 20,000 droplets per secordll results of this aalysis aregivenin
AppendixF. This number presents a challenge in large scale simulations with many water
mist nozzles activating and the associated large number of particlesustaie tracked
Simulations with the floor level nozzle can utilize athigumber of particles representing
the flow because the particles fall to the ground very quickly and do not accumulate in
the space. Simulations using ceiling level nozzles use a modified number of droplets due
to long run timesndincreasinglysmalttime steps required to solve equatiamish
20,000 particles per second mist accumulates over the duration of the simulaiibe
impact of using a reduced number of partittesepresent the flowg not quantified in
this report and should m®nsideredin area of further research.

The final inputdor each nozzlarederived from chapter 4 and aepeated in
Table 53 for conveniencélhe inputs folNozzle A and Brepresent the entire multi
orifice nozzle and the various orifices are modelledugh a spray pattern tabMozzle
C inputsrepresents a single miecrmzzlewherethe multitorifice nozzle is constructed

from 9individual micro-nozzlesat the same location with varying orientation.
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Table5-3 Summary of finaFDSinput parameters foNozzle A, B, & C

Nozzle k-factor Operating Vo %0 Number of Droplet Size ro Droplets per
pressure Perimeter Distribution? Second
[L/min/bar/?] [bar] [m/s] [degrees] Micronozzles& Dvso T ” [m]
Orientation [um]

A 5.6 16 10 80 6 See figure 4 0.3 10,000
45°

B 10 8 35° 60 3 200 2 058 0.1 20,000
20° 45°

C 0.433 70 118 24 8 79 226 05 0.1 5,000

30°

adefaultRosinRammier Lognormal distribution

bcenter nozzle

¢ perimeter nozzles

430 sec activation uses 10,000 PPS and 50 second activation uses 20,000 PPS
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The spacing and location of the nozzles in the haagdrased on manufacturer
recommended spacing. Bioceiling nozzles, A and C, are equally spaced 3 m x 3 m
throughout the entire hangar with 1 m distance from each Wadlfloor nozzle, B, is
spaced 2 m x 5.75 m throughout the entire hangar, corresponding to a nozzle coverage
area of 2 m x 2.8 mn the center of the hangar where nozzles must be installeetdvack
back the extra set of nozzles is placed overlapping the original nozzle by 0.5 m and
shifting 1 m, per manufacturer recommendatif@®}. All three systems are deluge
systems and are assumed to utilize zoned activation. Through this assumption only half of
the water mist nozzles in the hangar activate to protect the fire.

Through preliminary simulations the fire with Nozzle C traadainderneath of
the aircraft to the side of the hangar with no water mist nozzles activiatiag.effort to
preventhis typeof behavior one additional row of nozzles on the far side of the plane
activatedor simulations withNozzle C
5.4 Instrumentation Devices
Thesimulatedhangar is equipped with thermocouples and incident heat flux gauges to
measure critical temperatures and Hkatesat the aircraftsurface structural steel
membersandelectrical boxesThermocouple trees and slice file outputs are used to
monitor thetemperature in theompartmentor the duration of the simulatioAn FDS
input file including alldevices used in the final simulatioissgivenin Annex F.

The output values of the thermocouples and incident heat flux gauges are used to
assesshe performance agfachmist systenbased orcritical temperatures and heat fluxes

of relevant materials.
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5.4.1Performance&riteria
The performance of each water mist systems will be analyzed based on control of
the firebased oiHRR reduction and temperature and incident heatrflagsurementat
critical locations of interestor thepurpose of this analysis representative critical heat
flux and temperature values for compositelstructural steedre used tassesshe

performance of each water mist system.
Table5-4 Composite Performance Criteria

Critical heat flux values fothe selected

Heat Flux Time until
. . . [kW] Delamination
compositematerialare based on ¢htime [s]
— . 15 129
to delamination from an analysis by the
. . 25 74
Air Force and are shown in Talidel [17].
35 51

The critical temperature for structural ste:

components ranges from 450 €550
°C, for the purpose of this analysis a conservative value of 450 °C will be used to assess
the performance of each system.
An acceptable level of protection willtimatelybe determined by the Akorce
based on incident heat flux to the aircraédtmperature of critical structural steel

members, andontrol of the fire

5.5 Simulated Scenarios

All of the simulations completed in this analysis use the same fuelesandc
compartment geometrfhe simulations look at the impact of activation time on the
effectiveness ofachwater mist system. The two activation times analyzed in this

research are 30 seconds and 50 secaegsAppendixB for justificationof activation
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times Nozzle B includesn additional simulation looking at the impact of the ignition
source locationThe simulated scenarios are summarized as

Nozzle A
1. Water mist activation at 30 seconds
2. Water mist activation at 50 seconds
Nozzle B
1. Water mist activatioat 30 seconds
a. Centerof poolignition source
b. Side of pool ignition source
2. Water mist activation at 50 seconds
Nozzle C
1. Watermist activationat 30 seconds

2. Water mist activation at 30 seconds

5.6. FDS Grid Analysis and Selection

5.6.1 Critical Length Scalefnalysis

The grid size in FDS is a fundamental parameter that determines which length scales are
resolved in the LES frameworkhe rule of thumb in FDS modelling is each critical

length scale should be resolved by at least 10 grid cells. The critigéh lscales of

interest in this problem are the pool fire surface and turbulent eddies, Waoaity

boundary layer created through water mist activatmalthe hangar dodior ventilation.

The Lagrangian particles representing the water aneshot included as a critical length
scale because Lagrangain particdesnot take up any space in the &ialn frame of
referenceHowever, the air entrainment pattern into the nozzletla@shducedflow

created through the discharge of water mist must be correctly resolved through the grid.
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For each simulation the fire size ranges fi@m diameter to 7.2 m diameter over
the course of the simulatioBecause the goal of this research is to analytiration
with water mist the growth phase of the fire before mist activation is not of interest and
does not need to be completely resolvEte two water mist activation times of interest
are 30 seconds alf) seconds, which corresponds to a pool dianwt&r8 m and 3 m
respectivelyAt the time of mistctivation,the pool surface and large turbulent eddies
should be resolvefibr accuratevater mist and flameheetinteractionsResolvingeach
of these fire sizes corresponds to a grid size of 0.18 nd.8nah in the fire region.

The hangar door is 7 m high which must be resolved with grid cells less than 0.7
m. This is much larger the other critical length scales and does not pose any additional
constraints on the grid selection.

The following three sdibnsanalyze critical length scalésr each individual
water mist nozzleEach water mist nozzle must be analyzed to check convergence of the
velocity field of the droplets and velocity field of the gas to ensure an accurate
representationf the spray.
5.6.1.1 Nozzle Acritical length scales
From a previous grid analygmsovidedin Appendix Q Nozzle A can be adequately
resolved with a 0.1 m grid resolutiorhis analysisexpandsuponthose resultso look at
the effect ofincreasinghegrid size downstream of the nozzle on wiedocity flow field.
Simulations were conducted with a grid size of 0.1 m within 1 m of the nozzle and 0.2 m
greater than 1 m from the nozzle. Tesultsof this simulationarecompared to the

results of the snulationwith a 0.1 m grid sizen Appendix D
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Figure5-3 and5-4 plot theparticle diameteand particle velocity, measured with the

PDPA devican FDS versus heighfor the twomesh selections
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Figure 5-3 Diameter(D10) vs vertical distanc:

from nozzle for small mesh and hybrid mesh

with Nozzle A. Nozzle located at z=5 m.

Figures 5-5 and5-6 plot the particle diameter and velocity as a function of radial distance
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Figure 5-4 Velocityvs vertical distance froi
nozzle for small mesh and hybrid mesh v

Nozzle A. Nozzle located at z =5 m.
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Figure 5-3 Diameter(D10) vs radial distanc
for small mesh and hybrid mesh with Noz
A. Measurements atzz 3.5 m below nozzle
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Figure 5-4 Velocityvs radial distance for
small mestkand hybrid mesh with Nozzle
Measurements atz 3.5 m below nozzle
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Figures 5-7 and5-8 show thevectorgas velocity flow field downstream of the nozzle for

each simulation.

3
T

R OO R S L :

Figure 5-7 Gas velocity vector SLCF Figure 5-8 Gas velocity vector SLCF through cen
through center of spray for Nozzle X, of spray for Nozzle A, hybrid mesh
=0.1m

These results show that Nozzle A forms a gas velocity boundary layer that can be
sufficiently captured with a grid size of 0.1 Increasing the grid size downstreéoses
some accuracgnd under predisthe velocity in the radial direction of the mist sprag.
sufficiently resolve all length scales associated Witizzle A,a grid size of 0.1 ns

neededhroughout the entire spray pattern discharge of the nozzle.

5.6.1.2Nozzle Britical length scals

Throughsmall scale extinctiosimulationsit has been determined the floor nozzle
performance is very dependent on the resolution of both the nozzle and the flame sheet in
areas where thearticlesinteract with the flameTwo identical scenarios wheonly the

location of the grid size increasaries,affects whether or not the nozzle is able to

extinguish the fire. When the transition to a 0.1 m grid occurs 2 m above the fire source

no extinction occurgut when the transition to a 0.1 m grid osc@rm above the fire
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source extinction occurBifferent grid requirements were found for simulations with
larger spacing from the fire source to the nozzlegséhsmall simulations demonstrate
the large dependency on the grid size with NozzIlEW.results of the small scale
simulations can be found in Appendix F.

A series of simulations were conducted looking at only the nozzle discharge and
flow patterns with increasing grid size downstream of the nozzle and increasing grid size
vertically alove the nozzle. The simulations were conductead4dm x 2 m x 3 m
domain with all walls considered open vents and the nozzle placed 0.2 m abfiverthe
centered at the XMIplane Figures 5-9 and5-10 plot thediameter and velocitgf the
droplets measured with a PDPA device in FDi8r each grid size versus horizontal

distance from the center of the nozzle.

Velocity, m/s

0 05 1 15 2 25 3 35 1] 05 1 15 2 25 3 35

Horizontal Distance, m Horizontal Distance, m

Figure 5-9 Diameter(D10) vs horizontal Figure 5-10 Velocity vs horizontal distance froi
distance from nozzle for small mesh an nozzle for small mesh and hybrid meshes wi
hybrid meshe with Nozzle B. Nozzle locat Nozzle B. Nozzle located at x= 0 m
atx=0m

Figure5-11to 5-13 show the gas phase velocity flowSmokeview with varyindhybrid

mesh selections
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Figure 5-11 Gas velocity veor SLCF through center of spray for Nozzle B, dx = 0.05 m

Figure 5-12 Gas velocity vector SLCF through center of spray for Nozzle B, hybrid mesh with
grid size 0.05 m close to nozzle and 0.1 m above nozzle
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Figure 5-13 Gas velocity vector SLCF through center of spray for Nozzle B, hybrid mesh with
grid size 0.05 m close to nozzle and 0.1 m downstream

These results show that the gas phase boutaeyfor the floor nozzle is
greatly impacted with increasing grid si¥éhen the grid size increases downstream
from the nozzle the air velocity ismresolvedand consequently dropléfall prematurely
andare not able to travel the entire nozzle coverage area disWhee. the grid size
increases vertically above the noztiere is no visual impact on the velocity field in
Smokeviewbut the droplet velocity shows a significant decrease from the 0.05 m grid
simulations demonstrating a grid depemck above the nozzl€o sufficiently resolve
the length scales associated with Nozzle B a 0.05 m grid resolution is needed throughout
the entire spray pattern arghothvertically above the nozzle dischargredthroughout
the flame regionThe grid size can be increased a sufficient distance above the nozzle
that does not impact the flowue to time constraints thiieightis not directly esolved
This nozzlemightbe improved with a smaller grid sizgoweversmaller grid
sizes are not evaluatedthis analysidbecause they are not feasible for large scale

engineering configuration simulations.
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5.6.1.3 Nozzle Ccritical length scales
This analysis expands uporetlyrid analysiscompleted in sectioA.2.2.3which
determined a large grid dependency and required resolution of 0.02 m in the near field of
the nozzle.Simulations were completed with the same inputs in sedt@®2.3with
increasing grid sizes downstream from the nozzle.
Figure5-14 and5-15 plot the particle diameter and velocity versus heigheach

mesh selectian
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Figure 5-15 Velocityvs vertical distance fromr
nozzle for small mesh and hybrid meshes v
Nozzle C. Nozzle located at z =3 m.

Figure 5-14 Diameter(D10) vs vertical distanc
from nozzle for small mesh and hybrid mes
with Nozzle C. Nozzle located atz =3 m.

Figure5-16 and5-17 plot the particle diameter and velocity versus radial positon

each mesh seleoti.
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Figure 5-17 Velocityvs radial distance fors

small mesh and hybrid mestwith Nozzle C
Measurements &= 3.2 m below nozzle

Figure 5-16 Diameter(D10) vs radial distanc
for small mesh and hybrid mesgwith Nozzle
C.Measurements & = 3.2 m below nozzle
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Figure5-18to 5-20 show the gas velocity flow field downstream of the nozzle for each

simulation.
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Figure 5-18 Gas velocity vector SLCF through center of spray for Nozzle C, dx = 0.02 m
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Figure 5-19 Gas velocity vector SLCF through center of spray for Nozzle C, hybrid mesh with dx
=0.02mto 0.04 m
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Figure 5-20 Gas velocity vector SLCF through center of spray for Nozzle C, hybrid mesh with dx
=0.02mto 0.08 m

Theresults showthat downstream of the nozzlence the flow is fully turbulent,
the grid size can be irgased up to a factor dftimesthe initial grid requirement.
Despite the large incregdais still corresponds to a grid resolution less than 0.1 m
downstreamwhich is not feasible for large scale engineering probl@msadequately
resolve Nozzle B thgrid size must be 0.02 m up to 1 m away from the nozzle and can be
systematically increased up to 0.08 m for the remainder of the spray pattern.
5.6.2 Final Grid Selection
Following the analysis of critical length scales in section SreXinal grid resolution
was determined taking into consideration all critical length scadqajred CPU,
availableCPU, and project timelineAll simulations utilize a hybrid mesh fomig
resolution in areas of interest and ceaesolution in less important arelagsed on the
given research problemll simulations started at a large grid sife5 m,and were

systematically decreased to the final grid resolutions given below
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The smulationswith Nozzle Ause 0.1 m resolution in the near field of the
nozzles(up to 1 m downstream of the nozzles) anthe near field of the flame sheet.
The grid size is increased between the nozzles and the near field flame region to 0.2 m on
the fire side of the hangar. The ntire side of the hangar and the outdoor mesh use 0.4
m grid resolutionThe complete mesh selection for simulations using Nozzle A is given
in AppendixG.1.

Simulations with Nozzle B use 0.05 m resolution in the near fieldenozzles
in the flame region and in the near field of the flame sliags.to the nature of the
location of the floor nozzles the fire origin is varied between the center of the pool, where
there is a 0.5 m 6dunpr ot eantthadedge gfthppodl,et we en
where the fire remains completely centered between two rows of nozzles. Each of these
simulations utilize a 0.05 m resolution in the fire region, including all applicable water
mist nozzles in the area. The grid size selecti@sdwt change based on the fire location
but the number of nozzles that need to be resolved does change. The side nozzle only
requires fine resolution for the two rows of nozzles directly around the fire, whereas the
center fire source requires all 4 roafsnozzles in the fire region have fine resolution.
The grid size is increased to 0.1 m at 4 m above the flame and is increased again to 0.2 m
at 6 m above the flame she€he grid size is increased to 0.2 m around the flame region
on the fire side of # hangar. The nefire side of the hangar and the outdoor mesh use
0.4 m grid resolution. The complete mesh selection for simulations using NBowzlk
ignition locationaregiven in AppendixG.2.1 andG.2.2 respectively

Simulations with Nozzle @se a 0.2 m resolution for the half of the hangar with

the fuel source and increase to 0.4 m resolution on thdimosize and for the outdoor
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mesh. The constraint imposed by PARTICLE_CFL = .TRUE. significantly increases the
run time for simulations wit this nozzlevhich limited the grid size and number of
particles used in this simulatiofhe complete mesh selection for simulations using
NozzleC is given in AppendixG.3.

5.7Model Limitations

There are many inherit model limitations with LES maugin FDS; however, there are
additional limitations imposed dhese simulationbased on theelection of various

mo d eahddedel of analysis completedhe most importaniserimposedimitations

are summarized below.

1. The MLRPUA is not a function gfool surface temperature and thermal
feedback, consequently thetiaction modeldoes not account for any fuel surface
cooling or MLRPUA reduction due to reduced thermal feedback.

2. All critical length scales amotfully resolved and critical length scales that are
fully resolved are only resolved in small arghgre is some loss of accuracy
through increased grid cell singth a hybrid grid.

3. Theimpact of particles per second on the extinction resuittsrespect to

varyinggrid size is not well understood

Chapter 6 Results

This chapter anaies the results of each simulation based on the input conditions
described in chapter Berformance of each wea mist system is evaluated based on the
criteria in section 5.4. Representative FDS Input Files are attached in AppendiIG.

final smulationswere run orthe UMD High-Performance Computingjuster,
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Deepthought2, using 1 node and up to 20 proces§besrun times for each simulation
varied betweed6 hours and 72 hours for completion. Exact run times are specified for
each simulation in the followingections

For the purpose of this analysis each representative structural steel beam,
electrical ba, and portion of the plane will be referenced for analysis based on the
designations shown in Figuéel. Heat flux measurements along the bottom of the plane

will be referenced with designations depictedrigure 62 based on relative location.

Fuselage H-side

= |

=)

Left Wing
,
4

/

Figure 6-1 Designationso¥ ar i o us bahgarcogmartsént faesults andanalysis
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Figure 6-2 Visualrepresentation of incident heat flux deviceations for results and analysis
6.1 Nozzle AFinal Simulations
6.1.1 Simulation A.1: 30 second activation time
Simulation A.1 investigated Nozzle A for protection against-8 i fuel pool fire with
an assumed ignition source in the center opth& and a 30 second water mist activation
time. The nozzle characteristics, nozzle spacing, room configuration, fire characteristics,
and grid size are outlined in chapter 5 of this report. Simulation A.1 was run on 1 node

using B MPI processes and coteped in approximatel2 hours.
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The results of this simulation are compiled below. Fig48plots the measured
HRR in FDS and the expected HRR versus time. Figuelots the MLR of fuel and

evaporation ratef water mist versus time.

120

20
— A A;“N .
100 . .',\f.-",\‘. v ¥y
| aporation Rate v I y
80 n',' '
1
5‘ or ,l"]h‘:
= Ko
40 Y]
!
5 _,l"'
20 .I_-.l"
-
)
0 - - . . 0 L A A A
] 20 40 60 80 100 120
Time, s 0 20 40 ) 60 80 100 120
Time, s
Figure 6-3 FDS measured and expected F Figure 6-4 MLR fuel and evaporation rate «
versus time for simulation A.1 water mist versus time for simulationlA.

Figures6-5 to 6-8 plot selected incident heat flux measurements versus time for
various locations according to Figuresléand 62. The locations with the highest heat
fluxes are shown here and additional graphs showing all incident heat flux measurements

are provided irAppendix H.
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Figure 6-5 Incident Heat Flux versus time Figure 6-6 Incident Heat Flux versus timt
across the center of the fuselggye= 13 for low on the side of the fuselage for simula
simulation A.1 Al
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Figure 6-7 Incident Heat Flux versus time

the left wing (X = 7.8) for simulation A.1

Figures6-9 to 6-11 plot the temperature versus time for various locations on each

structural steel beam.
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Figure 6-4 Temperature versus time at

various heights on Beafnfor simulation
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Figure 6-5 Temperatureversus time for various horizontal locations on Beam 3 for simulation
Al

Figure6-12 plots the incident heat flux measurements versus time for each of the
electrical cabinets. The variation in incident heat flux versus location are negligible for
each dthe cabinets consequently, the values in the graph are representative of the

maximum and minimum heat flux to each cabinet.
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Figure 6-6 Incident heat flux versus time at each electrical box for simulation A.1

Figures6-13to6-15s how SLCF6s in Smokeview of
vapor mass fraction, and oxygen volume fractidnsgéconds, 10 seconds, 30 seconds, 60

seconds, anfl0 seconds after the water mist system activates.
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Figure 6-7 Temperature SLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (c) t = 60 seconds,
90 seconds, (e) t = 120 secoridssimulation A.1
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Figure 6-8 Sprinkler Water VapoMass FractionSLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (c)
60 seconds, (d) t = 90 seconds, (e) t = 120 sectordsmulation A.1
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Figure 6-9 Oxygen Volume FractioBLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (C) t = ¢
seconds, (d) t = 90 seconds, (e) t = 120 secdmdsimulation A.1
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The results show that activation of NozzlesMmot able to extinguish the fire.

Nozzle Adoes not have a significant impact on the HRR; the predicted HRR is
approximatelyequal to the measured HR& shown irrigure 6-3. The maximum

cooling power of the nozzles corresponds to 37.9 MW, by 63 seconds into the simulation
the fire power exceeds the cooling power of the water mist nozzles. It taléés 10

seconds for the water mist to cool and penetrate the ceiling jet andiredtdme sheet.

Once the water mist reaches the flame the evaporation rate increases with the increased
particles entering the hot flame zowé this point the flame is weaker and there is a
reduction in incident heat flux to electrical boxes and aedese in temperature of the
structural steel members.

The water mist is not able temove enough heat from the flatoeprevent
growth and soon the fire power overpowers the water mist system. When the fire
overpowers the mist systemater from the mistozzles evaporate at roughly the same
rate as which they enter the space, meaning all of the evaporation occurs quickly in the
ceiling jet and the flame is unaffectélthese effects can be seen through the high
evaporation rate in Figure4 and the lackfovater vapor present in the flame region at
the end of the simulation in Figureld.

Within 60 seconds the flame height is close enough to the ceiling to increase the
temperature of the structural steel and reach failure limits. Within 80 seconds the
temperature of the top portion of Beam 1 reaches failure limits.

The left wing of the plane, closest to the fire, may experience delamiotiomg
this fire scenarioThe left wing endures a heat flux between 15 and 30 K\f¢in60

secondsFrom previos research it has been found ttigcomposite can endure a heat
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HRR, MW

flux of 35 kW/n¥ for up to 50 seconds. Due to the longer exposure time with combined
lower heat flux it is difficult to conclude weather or not delamination will occur.
6.1.2 Simulation A2: 50 second activation time
Simulation A.2 investigated Nozzle A for protection agam3R8 jet fuel pool firewith
an assumed ignition source in the center of the pool and a 50 second water mist activation
time. The nozzle characteristics, nozzle @pg, room configuration, fire characteristics,
and grid size are outlined in chaptenfihis report Simulation A.2was run on 1 node
using B MPI processes and completed in approximadély hours.
The results of this siulation are compiled below. Figuéel6 plots the measured
HRR in FDS and the expected HRR versus time. Figuré plots the MLR of fuel and

evaporation rate of water mist versus time.
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Figure 6-11 FDS measured and expecte Figure 6-10 MLR fuel and evaporation rai
HRRversus time for simulation A.2 of water mist versus time for simulation £

Figures6-18to 6-20 plot selected incident heat flux measuremeetsws time for
various locationgccording td-igures 6-1 and 62. The locations with the highest heat
fluxes are shown here andditional graphs showing all incident heat flux measurements
are provided in Appendil. This simulation was run without sidé fuselage heat flux
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measurements consequently, no analysis of the incident heat flux to the side of the

aircraft is conducted.
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Figure 6-12 Incident heat flux versus tim
for various locations acroshe center of th
fuselaad'Y=13) for simulation A.2

A

W
AN .'//r
AV K
y ;/J‘/J"‘h"/ .
AN T -
0 20 40 60 80 100 120
Time, s

Figure 6-13 Incident heat flux versus tim
for various location alonghe bottom of th
left wing (X = 7.8)for simulation A.2
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Figure 6-14 Incident Heat flux versus time for various locations along the bottom of the right
wing (X = 15) for simulation A.2
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Temperature, °C

Figures6-21to 6-23 plot the temperature versus time for various locations on

each structural steel beam.

900

Temperature, °C

Figure 6-16 Temperature versus time at Figure 6-15 Temperature versus time at
various heights wBeam1 for simulation A.2 various heights on Beam 2 for simulation /

Temperature, °C

Figure 6-17 Temperature versus time for various horizontal locationBeam 3 for simulation
A2

Figure6-24 plots the incident heat flux measurements versus time for each of the
electrical cabinets. The variation in incident heat flux versus location are negdiaible

each of the cabinets consequently, the values in the graph are representative of the

maximum and minimum heat flux to each cabinet.
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Figures6-25t06-27s how SL CF 06 s of tempSratures sprnkler water
vapor mass fraction, and oxygen volume fractidhsgconds, 10 seconds, 30 seconds,
and 0 seconds after the water mist system activ&tegions of thespacecoloredblack
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Figure 6-19 Temperature SLCF at (a) t = 50.5 seconds, (b) t = 60 seconds, (c) t = 80 sec
(d) t = 120 seconds for simulation A.2
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Figure 6-20 Sprinkler Water VapoMass FractionSLCF at (a) t = 50.5 seconds, (b)t=6

seconds, (c) t = 80 seconds, (d) t = 120 seconds for simulation A.2
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(c) (d)

Figure 6-21 Oxygen Volume Fraction SLCF at (a) t = 50.5 seconds, (b) t = 60 seconds, (c) t
seconds, (d) t = 120 seconds for simulation A.2

The results of this simulation show that Nozzle A with a 50 second activation
time is na able to suppress the pool fifghe results of this simulation are very similar to
simulation A.1land will not be repeated here. The main differences dinetlonger
activation timearebeam 3 reaches 453C about 20 seconds sooner in this simulation.
This is because with an earlier activation the flame structure is significantly impacted and
the flame height does not reach the ceiling as quickly as with the delayed activation time.
The maximum incident heat flux to the left wing increaseagproximately 5
kW/m? but the duration of high incident heat fldecreases with the delayed activation
time. The plane is subject to an incident heat flux between 15 and 30%@f/lass than

60 seconds.
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6.2 Nozzle BFinal Simulations
6.21 Simulations B.130 second activation time

6.2.1.1Simulation B.1.aside of pool ignition source
Simulation B.1.a investigated Nozzle B for protection against& jé@Pfuel pool fire
with an assumed ignition source at the center of the edge of@éhanmter the aircraft
and a 30 second water mist activation time. The nozzle characteristics, nozzle spacing,
room configuration, fire characteristics, and grid size are outlined in chapter 5 of this
report. SimulatiorB.1.awas run on 1 node using 14 Mptocesses and completed in
approximately60 hours.

The results of this simulation are compileelow. Figure6-28 plots the measured
HRR in FDS and the expected HRR versus tiRigure6-29 plots the MLR of fuel and

evaporation rate of watenist versus time.
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Figure 6-28 FDS measured and expected HF  Figure 6-29 MLR fuel and evaporation rate
versus time for simulation B.1.a water mistversus time for simulation B.1.e

Figures6-30to 6-33 plot selected incident heat flux measurements versus time for

various locations according to Figuresléand 62. The locations with thgreatesheat
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fluxes are shown here and additional graphs showing all indndet flux measurements

are provided in Appendix H.
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Figure 6-24 Incident Heat Flux versus time
various locationslong the low side of the
fuselagefor simulation B.1.a
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Figure 6-22 Incident Heat Flux versus time
various locations along fuselage (X = 18}
simulation B.1.a

Figure 6-25 Incident Heat Flux versus time
various locations on thaght wing (X=15) for
simulation B.1.a
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Figure 6-23 Incident Heat Flux versus time
various locations on thkeft wing (X=11) for
simulation B.1.a

Figures6-34 to 6-36 plot the temperature versus time for various locations on

each structural steel beam.
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Figure 6-26 Temperature versus time at varic Figulrle GEtY Tegperaztl;re v_ers?st'tim%eit varic
heights @ Beam1 for simulation B.1.a eights @ Beamz for simulation . 1.a
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Figure 6-28 Temperature versus time at various horizontal locationBeam 3 for simulation
B.1l.a

Figure6-37 plots the incident heat flux measurements versus time for each of the
electrical cabinets. The variation in incident heat flux versus location are negfib

each of the cabinets consequently, the values in the graph are representative of the

maximum and minimum heat flux to each cabinet.
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Figure 6-29 Incident heat flux versus time at each electrical lmmsimulation B.1.a
Figures6-38to6-40s how SLCF6s in Smokeview of
vapor mass fraction, and oxygen volume fractiof se@conds, 10 seconds, 30 seconds,
60 seconds, and 90 seconds after the water mist system acthatems of thespace

coloredblack correspond to roughly ambient conditions.
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Figure 6-30 Temperature SLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (c) t = 60 seconds,
90 seconds, (e) t = 120 seconds for simulation B.1.a
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Figure 6-31 Sprinkler Water Vapor Mass Fraction SLCF at (a) t = 30.5 seconds, (b) t = 40 se
(c) t =60 seconds, (d) t = 90 seconds, (e) t = 120 seconds for simulation B.1.a
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Figure 6-32 Oxygen Volume Fraction SLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (c) t
seconds, (d) t = 90 seconds, (e) t = 120 seconds for simulation B.1.a
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The results of thisimulation show that Nozzle B with a 30 second activation time
is not able to suppress the firkowever,Nozzle Bprevens the fire from growing at its
predicted rate, which is shown Figur&8. The nozzles significantly impact the flame
and reduce theemperature at the base of the flame region.

Due to the assumed side ignition source the flame is in direct contact with the
fuselage, left wing, and right wing for the duration of the simulation resulting in high
incident heat fluxes to the aircraft aookrrespondingly delamination.

Both the top portion of beam 1 and beam 3 reach critical temperatures around 90
seconds into the simulatioBeam 2 does not reach critical temperatures in this scenario.
As the fire continues to grow temperatures in thérmgejet and plume increase without
limit and temperatures low in the space where the water mist reaches, remain cool.

These results are based upon the assumptions stated throughout this paper and do
not account for fuel surface cooling effects. Due ®dhentation of Nozzle B, surface
cooling effects are likely much more important for this nozzle than the ceiling nozzles.
6.2.1.2Simulation B.1.bcenter of pool ignition source
Simulation B.1.b investigated Nozzle B for protection agaiidét@ jet fuel pool fire
with an assumed ignition source in the center of the pool and a 30 second water mist
activation time. The nozzle characteristics, nozzle spacing, room configuration, fire
characteristics, and grid size are outlined in chapter Bioféport. Simulation B.1.b was

run on 1 node using 20 MPI processes and complettéaf 120 seconda 72 hours.
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HRR, MW

The results of this simulation are compiled below. Figi4d plots the measured
HRR in FDS ad the expected HRR versus time. Figet42 plots the MLR of fuel and

evaporation rate of water mist versus time.
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Figure 6-41 FDS measured and expected HF  Figure 6-42 MLR Fuel and evaporation ra
versus time for simulation B.1.b versus time for simulation B.1.b

Figures6-43to 6-46 plot selected incident heat flux measurements versus time for
various locations according to Figured @nd 62. The locations with the highest heat
fluxes are shown here and additional graphs showing all incident heat flux measurements

are provided in Apendix H.
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Figure 6-43 Incident Heat Flux versus time
center of fuselage (Y = 13) for simulatior
B.1.b
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Figure 6-45 Incident Heat Flux versus time
various locations on thieft wing (X = 7.8) for
simulation B.1.b
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Figure 6-44 Incident Heat Flux versus time
high side of fuselage for simulation B.1.k
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Figure 6-46 Incident Heat Flux versus time 1
various locations on the right wing (X £5) for
simulation B.1.b

120

Figures6-47 to 6-49 plot the temperature versus time for various locations on

each structural steel beam.
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Figure 6-47 Temperéure versus time at variol

heights @ BeamL for simulation B.1.b Figu;igﬁifgepaeraaztlgf ;ﬂi?;igwgf_gari(
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Figure 6-33 Temperature versus time at various horizontal locationBeam 3 for simulation
B.1.b

Figure6-50 plots theincident heat flux measurements versus time for each of the
electrical cabinets. The variation in incident heat flux versus location are negligible for

each of the cabinets consequently, the values in the graph are representative of the

maximum and minimurheat flux to each cabinet.

10z
DISTRIBUTION E: Distribution authorized to DoD Components only. Administrative or
Operational Use. Proprietary Information. 16 April 2021. Other request for this document
shall be referred to AFCEC/CXA 139 Barnes Dr. Suite 2, Tyndall AFB 32403



Incident Heat Flux, kwW/m?
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Figure 6-34 Incident heat flux versus time at each electrical box for simulation B.1.b
Figures6-51to6-53s how SLCFG6s i n Smo,kpeinklerevaterof t en
vapor massraction and oxygen volume fractip0.5 seconds, 10 seconds, 30 seconds
60 secondsand 84 secondster the water mist system activatesrtions of thespace

coloredblack correspond to roughly ambient conditions.
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Figure 6-35 Temperature SLCF at (a) t = 30.5 seconds, (b) t = 40 seconds, (c) t = 60 sec
(d) t =90 seconds, (e) t = 114 seconds for simulation B.1.b
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Figure 6-36 Sprinkler Water Vapor Mass Fraction SLCF at (a) t = 30.5 seconds, (b) t = 40 secol
t = 60 seconds, (d) t = 90 seconds, (e) t = 114 seconds for simulation B.1.b
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