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ABSTRACT

Fires and explosions were, and continue to be, among the greatest threats to the safety of
personnel and the survivability of military aircraft both in peacetime and during combat
operations. Production of halon 1301 (CF;Br), long the fire suppressant of choice, ceased as of
January 1, 1994 due to its high ozone depleting potential (ODP). By 1997, the U.S. Department
of Defense (DoD) had identified the best available replacement for halon 1301 in aircraft, HFC-
125 (C,HsF), but it requires two to three times the mass and storage volume and contributes to
global warming. Meanwhile, new aircraft were in various stages of design, and the international
community was questioning the necessity of maintaining the large reserves of halon 1301.

A new undertaking, the Next Generation Fire Suppression Technology Program (NGP), was
created to identify, through research, fire suppression technologies with reduced compromises.
Supported primarily by the DoD Strategic Environmental Research and Development Program
(SERDP) as Project WP-1059, the NGP goal was to “Develop and demonstrate technology for
economically feasible, environmentally acceptable and user-safe processes, techniques, and
fluids that meet the operational requirements currently satisfied by halon 1301 systems in
aircraft.” The multiple demands on the new technologies were daunting.

In its decade of systematic research (1997-2006), the NGP revitalized the field of fire
suppression science. This book tells the story of how the NGP came about, what research was
performed, how it modernized the thinking in the field, and the technical findings that emerged
related to fire suppression in aircraft. The enclosed CD compiles the collected publications from
the program.

Keywords: flame inhibition, fire research, fire suppression, halon, aircraft



Abstract

Page intentionally left blank



TABLE OF CONTENTS

ADSTIACE ...t —————— i
Table of CONLENLS ... ———————————_———— v
LiSt Of FIQUIES ... s s s s s s e nn s n e pensnspsp s pnp e nnnas Xvii
(TS e - o[- xlv
Chapter 1: INtrodUCION. ..o e ne e e 1
1.1 Background.........coouiiiiiiiee e e e s 1

1.2 The Evolution of Fire SUpPIresSSION ......ccuiiiieriieiieiieeieeie ettt eve e esene s 1

1.3 The RiSe Of HalONS.....c.uiiiiiiiiiiiiiciieece ettt senes 3

1.4 The AtmOSPREriC TRICAL ......cccuieiuiieiieiieeieeieeie ettt e e e e seeesveeaee e 5

1.5 History 0f the NGP ...cc.cviiiie et e 9

1.6 ThiS BOOK....ceiiiiieiie ettt e et st e e e e eennneeennee 15

1.7 RETETEINCES ....eeeiiiieeiieeee ettt e s e e et e e saveeenbeeennbeesnaeeens 16
Chapter 2: History of Fire Suppression in Aircraft ... 19
2.1 Fire Threats to Military AIrCraft........c.coocuieiiiiiiiiiieeieesie et 20
2.2 Protected Compartments 0n AIrCraft.........ccceeeviieriieniieiiieiieeie et 24
2.2.1 ENine NACEIIES .......eeeiuiiieiiieeiiieeie ettt e e e areeeeae e 24

2.2.2  Other Powerplant-type COMPArtmMents ...........ccceereeriiieriieeiiienieeieeneeeieeneenns 28

2.2.3 Dry Bay COmMPAartmMents ..........ccccveeeeriuiieeeniiieeeeniieeeessreeeessnseeeessnneeessnnneeeens 31

2.2.4  Cargo COMPATIMENLS ....cceeuvieeriiieeriiieeiiieeeiteesieeeeiteesteeesbeeesbeeesaneessereesnnreenans 34

2.2.5 Other COomPArtMENTS.......cccuveeruieerieeeiieeeiteeeiteessieeessteeessseeesseeesseesssseeessseennns 36

2.2.6  Fuel Tank Ullage.......c.ccouieiiieiieeiieiieeiteeie ettt et 37

2.3 Types of Fires EXPerienced .........ccoeouieiiiiiiiiiiieiieeieeeeeee e 41
2.3.1  Safety-related Fires .....ccceeoiiiiiiiiieiieeciee ettt 43

2.3.2 Ballistically-induced Fires .........cccoviieiiiiiiiiiiieiieieceeie et 45



Vi Table of Contents
2.3.3  SPIaY FIT@S c..eiieiieiieiie ettt ettt ettt et eate et ebeeenaeens 47
2.3.4  POOL FITES .ottt sttt sttt 49
2.3.5  Fire CharacteriStiCs .......coeeruerierieeiieniienieeiesiteste et sttt ettt ettt s 50
2.3.6 Aircraft Operational Temperature Environment.............ccooceeiiiniinninnieeneen. 54
2.3.7  REIGNIHION. ..euiiiiiiieiieeiieieee ettt sttt sttt et sbe et st e sae e 79
2.4 Fire Suppressants Used on AIrCraft .........ccceevvieiiiiiiiiniiiiieriecieee et 80
2.4.1 Powerplant COmMPArtMENTS......c.eeeeuieeriireeriieerireeetreesteeesieeesereeessreessseeesssseeens 81
2.4.2 Dry Bay CompPartments ..........ccceeeueeerieerniiesiieesieeesiieeesieeesieeesseessveesnnneesnns 86
2.4.3  CertifICAtION ..eoutiiiitieiieeitee ettt ettt ettt et set e et e it e e beesateebeesaeeens 86
2.5 Halon Alternative Technology Development Program (TDP) ........ccccceevevvieeiieennenns 92
2.5.1 Phase 1 — Operational Parameters Study ..........cccoeceeeviienieiiiienieeienie e 93
2.5.2 Phase 2 — Operational Comparison of Selected Extinguishants....................... 94
2.5.3 Phase 3 — Establishment of Design Criteria Methodologies................cceeunee.n. 94
2.5.4 Impact of Halon Alternative Fire Suppression to the Aircraft......................... 96
2.0 RETETEICES ... .eeiieiitieiie ettt et ettt et e 109
Chapter 3: Flame Suppression ChemIStIry ... sssssesesssesssssssesssssssenes 119
3.1 INEEOAUCTION ...ttt ettt et e e e 120
3.2 Halogen-containing COMPOUNAS ........ccceceeruierieriieriieeieeniieeieesieeeneeneeesseesseessseennns 121
3.2.1 Previous Understanding of the Inhibition Mechanism of CF;Br................... 121

3.2.2  Suppression of Nonpremixed Flames by Fluorinated Ethanes and
PrOPANES ......eeiieie e 124
33 Metal-containing CompOUNAS..........ccceieiieriiiiiienie ettt 142
3.3.1  Back@round.........ccoocieeiiiiiieiieieeie e 142
3.3.2 Metals with Demonstrated Flame Inhibition Potential ...............c...cccveennen. 155
3.3.3 Flame Inhibition by Iron-containing Compounds..............cceeevvervrerreerveennens 156
3.3.4 Flame Inhibition by Tin and Manganese .............ccceeeeeieereeesiienieenieenieeenans 178
3.3.5 Complexation/Matrix Absorption of Super-effective Agents..........c..ccue.n.... 199
3.3.6 Potential for Loss of Effectiveness of Other Metals...........ccccceeevieeereeennenn. 224
3.3.7 Flame Inhibition and Loss-of-effectiveness Summary ...........ccccvevveenneennnn. 232

3.3.8  CONCIUSIONS ..ttt et e e e e e e e e e e e e e e e e e e aaaeaeeeeeeeeaaaaaeeeas 235



Table of Contents Vii

3.4 PROSPROTUS ...oouiiiiiieie ettt ettt ettt et e enb e nnees 236
341 INEOAUCTION......iiiiiiiiii ittt et 236
3.4.2 Inhibition of Non-premixed Flames by Phosphorus-containing
COMPOUNGS ..ttt e et eerae e e teeeetreessaeessseeeeaseeensseessseeans 238
3.4.3 Effects of Dimethyl Methylphosphonate on Premixed Methane
FIAMES ...ttt 267
3.4.4 Summary: Phosphorus-containing Compounds in Flames..............c..c.......... 281
3.5 Comparative Flame Inhibition Mechanisms of Candidate Moieties ..............c.......... 282
3.5.1  INrOAUCHION......iiiiiiiiii ittt 282
3.5.2 Spectroscopic Studies of Inhibited Opposed Flow Propane/Air
FIAMES ...ttt e 282
3.5.3 CF;Br and Other Suppressants: Differences in Effects on Flame
SETUCTULE ...ttt ettt s e e sbeee et 291
3.5.4 Influence of Bond Energies on Catalytic Flame Inhibition.................c.......... 299
3.5.5 Temperature Regions of Optimal Chemical Inhibition of Premixed
FLAMES ..ot 307
3.6  Insights on Flame INhibition ..........ccoooiieiiiiiiiiiieiicciee e 316
3.7 REIEIEIICES ....eiiiiiieieeiteeee ettt ettt ettt et sb et st 318
Chapter 4: AeroSOl PrOPerties ... ssssssssssssssssssssssssssssssssssssssssssses 339
4.1 INEOAUCTION ...ttt et ettt et et eaees 340
4.2 Previous KNOWIEAZE ......coouviiiiiiieiee e 341
.21 WaALCT ittt e e e e e e e e e e e earaa e e e e araaaas 341
4.2.2 POWETS ....eiitieietetie ettt ettt ettt ettt et e st e e enteenbeeennes 341
4.2.3 Combined Agents - Water AdditiVeS.......cc.eovveeviieriieriieniieiieeie e 342
4.2.4 BUrning SUITACES.......ccoutriiriiiiiiiriteteetene ettt 344
4.2.5 Large-scale StUAICS .......ccevvveeriieeiieiieeie ettt et sb e enes 345
426 MOAEING ...c.eiiiiiiiieeiee ettt e 348
4.3 The Nature 0f ACTOSOIS .....cccuuiiiiieiiee ettt e 348
4.3.1  Quantitative DESCTIPLOTS ...cueeuveruieriieiieiertieie ettt 348
4.3.2  Generation TEChNIQUES .....c..ceouiriiriiiiiiiiinieeeeeseeeceeeee e 350
4.3.3  Quantification 0f ACTOSOIS......c..ceviviiiiiiiiiiie et 351

4.3.4 Aerosol Size and Velocity Characterization..........c.cceceeeereenienicneenenneenen. 351



viii Table of Contents
4.3.5 Aerosol Properties Affecting Behavior..........cccceeovevieniiieniiiiniiiiccciene 355
4.4 The Nature of FIAmES........cccooiiiiiiiiiiiniiieneeeeee e 358
4.4.1 Flame CharacteriStICS. .....ceuuiriuieriieniieiieesiee ettt ettt et e s sbee s ees 358
4.4.2 Premixed Bunsen Type FIames .........cccccoviiiiniiniininiienieneeececeeeeeine 359
4.43 Non-premixed FIames..........ccccooiiiiiiiiiiiiiiiicee e 360
4.5 Aerosol Flame Suppression STUIeS.......eeeveieeiiieeiieeeieeeiee et 363
4.5.1 Water, a Physical Suppression AGent..........ccceeeveereeeiiienieenieenieeieesee e 363
4.5.2 Alkali Metal Bicarbonates, Chemically Active Fire Suppressants................ 397

4.5.3 Aqueous Metal Salt Solutions, Combined Chemical and Physical
SUPPIESSION ...ttt ettt ettt ettt ettt e bt e e b ae 412
4.5.4 Dendrimers, Combined Chemical and Physical Flame Suppression............. 430
4.6 SUIACE COOIMNE ..uvieiiiiiieiie ettt ettt ettt e e e seaeense e nae e 438
4.6.1  INErOAUCLION. ...c.ueiiiiiiiieiie ettt ettt et 438
4.6.2 Evaporation of Liquid D1oplets ........cccccoevieiiieiieniieiieieceeee e 440
4.6.3  SPray COOING ....ccocuviieeiiieeiie ettt eetee et e et e e e e e e e s teeessaaeessaeeesseesnseeas 443
4.6.4 Convective REZIME ......cceeviiiiiiieiieiie ettt ettt 444
4.6.5 Nucleate Boiling ReZIME........cc.coevviiieiiiiiiiiieeie et 445
4.6.6  Critical Heat FIUX......ccccoriiiiiiiriiieiieeeeeeeeeee e 446
4.6.7 Transition and Film Boiling Regimes...........ccceeviieriiiiiiiiiciiecee e 446
4.6.8  SUITIMATY ...ueviieiiieeiiieeiiee et ee ettt ettt e st e e st e e sabteesabeessabeessaneesaseesnneeesnneeas 448
4.7  Aerosols and Burning Surfaces............ccoeoieeiiieiiiiiiieiieeieeeeee e 448
4.7.1 Flame Spread StUAICS......cccveieriieiiiie ettt svee e saee e e saeeesree s 449
4.7.2 Droplet Interaction with a Hot Surface...........ccccoevviiviieniiiiiiniiiieeeeee, 458
4.7.3  Summary and CONCIUSIONS ....cc.eeeeruireeiiiieeiieeeiieeeieeeereeeereeeereeesereeeeaeeeeeeas 466
4.8 The New State of Knowledge of Flame Extinguishment by Aerosols...................... 467
4.9 Relation of Findings to Practical Fires..........ccccoevviiiiiiiiiieiie e 468
410 RETCTENCES .. ciiiiiiiiie ettt e ettt e e e e ae e e e e tae e e e sabaeeeesanseeeesearaaeeeesnaeaaanns 469
Chapter 5: Instrumentation for Bench- and Large-scale Test Fixtures...........cocovnnnnnsnsnsescsesesesenens 481
5.1 INETOAUCTION ...ttt ettt st et e e 482

5.2 Laser Induced Breakdown Spectroscopy for Measurement of Fire

SUPPIESSANLS......eeitieiiiieiiiee ettt ettt ettt e et e st e e st eesabeeesabeesaeee s 483



Table of Contents iX

5.3 Tunable Diode Laser Absorption Spectroscopy (TDLAS) for
Measurement of Combustion Products, Fuels, and Oxygen.........c.ccccevveeevieenveeenneen. 485
5301 GENETAL...ouiiiiiiiiiiiieieeee et 485
5.3.2 0 HE ettt ettt enes 486
5.3.3  OXYZON ittt ettt ettt et ettt e ettt e st e e s bt e e s bt e e nabeeenabeeens 490
R T ) 1 <) TSRS 490
5.3.5  ODBSCIVALIONS ....eeviiniiiiiiiieiieitesitesie ettt ettt ettt sttt aes 501
54  Measurement of Fire Suppressant Concentration Using a Differential
Infrared Rapid Agent Concentration Sensor (DIRRACS)........cccoovvevcviieiieiciieeen 502
541 INrOAUCTION. ..cuuiiiiiiiiieiiiesiteee ettt ettt sttt st 502
5.4.2 Original Instrument Design — DIRRACS T.......ccoovieviiiiiiieiieeeeeeee 502
5.4.3 Improved Hardware Design — DIRRACS IL........cccooviiiiiiiiiniiiiieeiieieeen 505
5.4.4 Data Acquisition and ANalysiS........ccccuieriiiririiiieriieeriieeeiee e evee e 507
5.4.5 Calibration EXPeriments ..........cccceecueeriieriieniienieeiieeieeiie e esieesreeseesneeenens 507
5.4.6 Release Tests of HFC-125 in the TARPF Facility.....c..cccoveeviveeiiieeieeee. 508
5.4.7 HFC-125 Release Tests in a Bradley Vehicle...........cccocceviiiiniiniiiniiiiienns 509
5:4.8  ASSESSIMENL. ...uuiiiiiiiiiiiiieitee ettt ettt et s e s e 513
5.5 CONCIUSION ..ttt ettt et ettt et e bt e sae e et e saeeeabeens 513
5.6 RETEIENCES. ...eotiiiiiieiie ettt ettt ettt ettt e 514
Chapter 6: Screening Tests for Candidate Fire Suppressants ...........ccoueveisnsencnesssesesesesesesesesesesenns 517
6.1 The Need for SCreening TeStS......ccveruieiirierieieeieeete et 518
6.2 General APPIrOACH ......cccviiiiiiiiieiie ettt neeas 519
6.3 Agent Properties to be Screened...........occvveeiiiiiiiiieiiieniieeee e 519
6.4  Fire Suppression Efficiency SCreening..........ccccoevvieeiieeeiiieniiieeniie e eeiee e e 521
6.4.1 Estimation of ValUES........ccceeviiiiiiiiiiiiiicce e 521
6.4.2  CUP BUIMET .....eiiiiiiieee e e e e e e enaee s 522
6.4.3 Dispersed Liquid Agent Fire Suppression Screen (DLAFSS).......ccccoeceeenne. 525
6.4.4 Transient Application, Recirculating Pool Fire Apparatus (TARPF)............ 535
6.4.5  SUMMATION ..eevviiiiiiiieciieeeiee et et eerteeeeteeeeteeesbeeesbaeessseeessseeessseeasseessseenes 557
6.5 Atmospheric Lifetime SCTeeN .......ccueiiuiiiiiiiiiiiieie e 557

6.5.1 Factors Affecting Atmospheric Harm..........c.cccoeevievieniiinieniieiecieeee e 557



X Table of Contents
6.5.2  Prior Estimation Methods ...........cccoeiiiiiiiiiiniiiinieeeeeeeeeee e 558

6.5.3 The Screening ProtoCol..........ccveeiiiiiiiiieiieceeee e 561

6.5.4 Removal by Hydroxyl Radical Reaction ............ccceeveeeiiiniinciieniiciieieeen 561

6.5.5 Measurement of Photolysis Rates.........cccveeviieeiiiiiiiiiciecceceee e 565

6.5.6 Estimation of REACHIVILY .....cccuiiiiiiiiiiiiieiiecie e 568

6.5.7 Solution of Fluoroalkylamines...........cccceccueeeviieeiiieniieeeiie e 571

6.5.8 Reactivity of Alkyl Phosphates towards Radicals in Water ............c............. 571

6.6 VOlatility SCTEEM ...eccuviiiiiiiieiieeie ettt et ee 572
6.6.1 Extinguishant Volatility ........cccceeviiiiiiiieiiie et 572

6.6.2 Extinguishant Evaporation Equilibrium ...........ccccccoeviiniiiiieniiiinieeiceceee, 572

6.6.3 Extinguishant Evaporation Rate ............ccccceeviiiiiiiiiciiiccicecee e 574

6.6.4 Boiling TeMPEIAtUIe .......ccceeevieiiieiieeiieeiieeie ettt ettt ete et e ebeeneaeeaeees 576

0.7 TOXICIEY SCTEOM ....uiiiiiiiieiieeitieeiie ettt ettt ettt ettt ee et e e beeeibeeaeeenbeeseeenseenseennnas 577
6.7.1 Hazards and Regulation ............cccueeeiiieeiiieeiiieceeee e 577

6.7.2  SCrEENING PTOCESS .....eeiviiiieeiiieiie ettt ettt ettt ettt et st eseaeesaeennees 578

6.7.3  Literature Values........cooooiiiiiiiiiiiiiieieee e 579

6.7.4 Quantitative Structure Activity Relationships ..........cccoeeeiieniiiinieniiienienen. 581

6.7.5 Non-animal Laboratory TesSting.........ccccccveieviiiieriiieeciieeciee e 584

0.7.6 TN VILEO TESES .euveuiiiiiiieiiieieeteete ettt e 589

6.7.7 PBPK Modeling of Cardiotoxic Effects .........cccceovvvereiiiiiiiiniecieeeeee 590

6.7.8  LAMIt TESES ..uveueiiieiieiieriteieete ettt ettt 596

6.8  Application Of SCTEEN TESLS .....ccuiiiiiiriieiieiie ettt 597
0.9 RETEIEIICES ... ittt ettt ettt et sttt 598
Chapter 7: Search for New Fire Suppressant Chemicals..........ccouimissssses 611
7.1 Fire Suppressant Replacement Knowledge prior to the NGP..........c.ccceviiiiinnnennne. 612
7.1.1 Overview of Early Halon Replacement Efforts...........cccooeveviiirienciieniiennnnn. 612

7.1.2  Fire Suppressant Research - 1974 through 1993 ..., 613

7.1.3 DoD Technology Development Plan (1993 through 1997).........ccccvveueennen. 615

7.1.4 Advanced Agent Working Group (AAWG) .....c.coveeriiiiiiiiiieieeieeeeieeee 616

7.1.5 Summary: Alternative Agents and Selection Criteria prior to the



Table of Contents Xi

7.2 The NGP Approach to New Chemicals Screening............cccevveeviienieniieniencieenieenen. 623
7.3 NGP Surveys of Inorganic Chemical Families............c.cccecceevviieniiniiienieniieieeeene, 626
7.3.1 Main Group Elements - Group L........cccceooiiiiiiiiiiiiecieeeeee e 626

7.3.2  Main Group Elements - Group IL..........ccccoviiiiiiiiiiiiiieieieeceee e 627

7.3.3  Main Group Elements - Group Il ..........ccooeeviiiiiiiieieee e 627

7.3.4 Main Group Elements - Group IV .......ccccooriiiiiiiiiiieeeeeeeeeeee e 628

7.3.5 Main Group Elements - Group V.......cccoooiiiiiiieiiie e 634

7.3.6  Main Group Elements - Group VI .......cccccoiiiiiiiiiiiinieiieecieeeeeee e 645

7.3.7 Main Group Elements - Group VIIL.........ccccooviiiiiiieieeeee e 646

7.3.8 Transition Metal-based Compounds.............ceecueeruierireniieniieeniienie e 646

7.3.9 Inorganic Chemicals - COnclusions ...........cceceveeeviieeriieeniie e 647

7.4 NGP Surveys of Organic Compounds ............cccveeerireriireeiieeniie e eeeeeeeveeesaee e 647
7.4.1 Highly Efficient Thermal Aents..........ccoceevuiriiiriineiiienieneeieneeseeeeeeeeee 647

7.4.2 Tropodegradable Candidate Compounds...........cccceeevvieerieeeniieeniee e 658

7.4.3  BromofluoroalKenes............cecuieieriiiieiienieieeieseeie et 662

7.4.4 Fluoroalkoxide and Fluoroalkyl Phosphorus Compounds...........c...cccvveneen. 665

7.4.5 Fluoroalkyl Nitrogen-based Candidates .............ccceeeeeieriieriiienieniieiieeieeens 680

7.4.6 Bromofluoroalkyl Nitrogen-based Candidates ..........c.ccccoveevieeencieeenieeennnnn 685

7.4.7 Fluorinated Ethers........c.ccooiiiiiiiiiiiiiieieicceeeee e 687

7.4.8  Bromofluoroethers ..........ccuiiiiiiiiiiiiiiieiee e 691

7.4.9  BromoflUOTOOXITANES ...c..eevveeutertieniieieriienitete et sie et ettt ettt sbe et eaeesae e 694

7.4.10 Bromofluoro/Fluorinated Aldehydes and Ketones............ccccvvevcvieeeieennnnnnns 695

7.4.11 Bromofluoro AICONOIS ........coouiriiiiiiiiiiiiiiiciceeee e 695

7.4.12 Todinated Hydrocarboms..........c.ceecuieeriiieeiiiieciieecie et 696

7.5 Chemical Family Options and Replacement ISSUEs.........c.ccccovveeviiieniiecnieeeiee e 700
7.5.1 Suppressant Criteria and Selection Constraints...........ccceeeveereeecieenieesveennnens 700

7.5.2  General CONCIUSIONS ......covuiiiiiiiiiiiieiiceiee et 701

Ti6  RETEIEICES. ...eieiiiiiiiiieiet ettt ettt et 702
Chapter 8: Fluid Dispensing and DiSPersion .........c.cumnmssssssssssssssssssssssssssssssssseses 721
8.1 INEEOAUCTION ...ttt ettt et e seeeae e 722

8.1.1 Characteristics of Aircraft Engine Nacelle Fires ........c..ccocecevievcnicnnnennne. 722



Xii

Table of Contents

8.2
8.3

8.4

8.5

8.6

8.1.2  Summary of Suppressant Fluid Dynamics...........cceeceeeiienieeniieniieiienieeieens 723
T G T 107 o1 SPPRRURPPRR 724
FIUIA STOTAZE ...ttt ettt et e 725
Fluid Transport through Piping.........ccccviiiiieeiiiiiiiececee e 726
8.3. 1 INHrOAUCHION.......eiiiiiiiiieiieieee ettt e 726
8.3.2  Previous WOTK ... 728
8.3.3  Base Code SeleCtion ........cceevuieviirieniiiiiieiierieeieee sttt 730
8.3.4 Code Development WOTK .........cccueeeiiiiiiiieiiiieeieeeie e 732
8.3.5  COdE THEOTY ....eieiiiiiiieiie ettt ettt ettt ettt e et esaaeebeesnseenneens 733
8.3.6  Supporting Laboratory Data ...........ccccoiiiiiiiiiiieeeee 753
8.3.7 Comparison of Code Predictions to Experimental Data..............ccceevvenenn. 786
8.3.8 Assessment of Fluid Transport Model............ccoooiiiiiiiiiiiiiiniieieeeeee 804
Dynamics of Fluid Transport in Cluttered Spaces.........cccvvveevveeeriiesiiieeeieeeevee e 805
8.4.1 Spray Transport past Generic Clutter Elements............ccccccevviiiiieninniiiennnnns 805
8.4.2 Spray Interaction with Unheated and Heated Clutter Elements .................... 809
8.4.3 Transport around Clutter and Recirculation Zones...........cccocceeeeueenieecneennnnnns 821
8.4.4 Low Temperature Effects on Agent DiSpersion ........cc.ccceceeveieiieenieniieennene 829
Modeling of Fluid Dispersion in a Nacelle..........cccevviiiriiiieiiieciieeeeeeee e 839
8.5.1 Back@round...........cccieiiiiiiiiiiiicitee e e 839
8.5.2  CFD MOMEIS....eieuiiiiieiieieeiieie ettt ettt ettt e enneeneas 839
8.5.3 Code Assessment Using Quarter-Scale Nacelle Tests and

STMULALIONS ...ttt et 847
8.5.4 Assessment of VULCAN Fire Suppression Sub-model............ccoeevveeiennnnn. 854
8.5.5 Assessment of VULCAN in Suppressant Distribution in a Full-

SCALE NNACEIIE .. 863
8.5.6 Assessment of VULCAN in Pool Fire Suppression in a Full-scale

NACECIIE ...ttt et e e e e et e e s e e e e be e e enneeenns 868
Full-scale Nacelle Fire Suppression TestS .......ceecuieriierieiiiienieeiierie e 871
8.6.1 Experimental DeSi@N.......c..cccuiiiiiiiiiiiiieiiieiieeie ettt 871
8.6.2  Test FACIIILY .ouvieiiiiiieiie ettt e 872
8.6.3 Test Matrices and Decision TTee .......cceecuerieviirienieniieieeieeeeseeeee e 876
8.6.4 Actual Test Program ........cccocieriiiiiiiiieiieeie ettt 878

8.60.5  INSTIUINEIEALION 1. e e e e e e e e e e e e e e e e e e e e e e e e e e e ee e e e e e e e eeeaeeaans 879



Table of Contents Xiii
8.6.6 TSt PrOCEAUIE .....ocueiiiiiiiiiiiicece et 879
8.6.7 Test Results and Comparisons to Simulations...........cceceereeriienienieeniennieens 882
8.7 Improved Transport of Water t0 FIres ........ccoccueieiiiieiiieiiieeeeeeeeee e 889
8.7.1  Back@round..........cccieiiiiiiiiiiiieiieie et 889
8.7.2 Electrically Charged Water MIst .........cccveeiiiiiiiiiieeriie et eeeee s 889
8.7.3 A Self-atomizing Form of Water...........cccoevieviiiiiiiiiiiieeieeeeeee e 909
8.8 Summary of Lessons Learned...........coceeverieiiiiiiiinieieiieecceeeeeseeee e 916
8.0 RETCICICES .. .eeutiiiiiieieee ettt st 918
Chapter 9: Powder Panel and Propellant Discharge Technologies ... 927
9.1 INEOAUCTION . ...ttt et ettt et e ennes 927
9.2 Enhanced Powder Panels ..........cccooouiiiiiiiiiieee e 929
0.2.1 INGP ODBJECHIVES .uvviieiiieeiiieeiiieeitteeitee et e siee e s e e steeesreeesaeeesnaeeenseesnsee s 929
9.2.2 Background on Powder Panel Technology...........cccccovriiiiiiniiiniiiiieiee, 930
0.2.3  Operating PrinCiple .........cocueeiiiiiiiiiieeiieieecee et 931
0.2.4  TechniCal ISSUES .....cc..eiiuiiiiieiieeie ettt 933
9.2.5 Survey of Powder Panel Applications ............ccceeeveviieniieecieenienieeieesie e 934
9.2.6 Powder Dispersion Screening EXperiments..........ccccecveeeereevienieneenienecneenn 937
9.2.7 Live-fire Proof-of-concept Demonstrations.............ccceeeeveeriienieeneeecneennennnenn 947
9.2.8  Optimization Programi.........cccceeieririierienieieeteneee sttt 951
9.2.9 Live-fire Demonstration Testing of Optimized Enhanced Powder
PanCIS ... e e 957
9.2.10 Mass-trade Comparison ANALYSIS ......ccccecverueeriieiierienieeieeieneee e 970
9.2.11 Summary of Powder Panel Research Program...........ccccoocoeiiininninninnnen, 974
9.3 Solid Propellant Gas GENETators.........ccueeuierieiiieiieeieeiie ettt siee e eeeeeae e 976
0.3.1  BIIef HIStOIY c.uviieiiieiiieiieciie ettt ettt st ebeebeesnseenneens 976
0.3.2  Operating PrinCiples........coceeuieiiiiiieiiieiieeeee e 977
9.3.3 Experimental TEChNIqUES.........ccceeviieriieiiiiiiieiiecieceece e 978
9.3.4 Results: General Behavior of Propellants.............cccoooieiiiiiniiiniiiieee, 990
9.3.5 Results: Cooled Propellant Formulations .............cceeveeiieniinciienieciienieenen. 994
9.3.6 Results: Chemically Active Fire Suppressants ..........ccocceeeeeeevierieeniceneennne. 1003
9.3.7 Results: Hybrid Fire EXtingUiShers.........ccccccvvevieriieniieniieiiecieeieeeee e 1013



Xiv Table of Contents
9.3.8 Summary of Solid Propellant Gas Generator Research..........c...cocevernenee. 1020

0.4 RETEICIICES ....iutiiieieeie ettt ettt et sb ettt b ettt b et 1023
Chapter 10: Life Cycle Costing of Fire Suppression Systems...........ccvnnnnnnnnns 1025
10.1  Back@round.........coooiiieiiiiiieie ettt et 1025
10.1.1 Technical CONCEPL ......eecvieeiieiieeieeiieeie ettt ettt ere et ebeessaeeseesnneens 1025

1O.1.2 NGP TaSKS ..cuvieeieiieieeieseee ettt s enseeneas 1026

10.1.3 General Methodology .......c.ccccvieviiiiiieiieeieeieeeie et 1027

10.2 ANt PrOPEITIES. ....oiiiiiiiiiiiiieeie ettt ettt 1027
10.3  Current System Description (Halon 1301) for Legacy Aircraft ...........cccccvvenennenn. 1028
10.3.1 Cargo AIICTAft ....ccueeiiiiiiiiieteee e 1028

10.3.2 Fighter ATICTaft ....cc.oviiiiiiiie et 1034

10.3.3 Rotary-wing AIrCraft.........ccoviiiiiieiiieiiecie et 1038

10.4  Proposed System Description (HFC-125) for Future Aircraft..........ccoceevenienennens 1042
10.4.1 DeSiN GUIAEC ....eeovvieiieiiieiiecie ettt ettt ettt e e et ssaeeaeessaeensaesnneeene 1042

10.4.2 Cargo AIICTATT ....ooueiiiiiiiiiieeee e 1045

10.4.3 Fighter AIrCIaft .......coovieiiiiiiieiiecieeieeee ettt et ees 1048

10.4.4 Rotary-wing AIrCraft........ccccoviiiiiiiiiieieie e 1052

10.5 Costs of Current and Replacement SyStems .........ccccecevverieiieniiiniininicnecceieneens 1054
10.5.1 Life-Cycle Cost Estimate (LCCE) Summary for Legacy Aircraft .............. 1056

10.5.2 Life-Cycle Cost Estimate (LCCE) Summary for Future Aircraft................ 1058

10.5.3 Detailed Cost Element Structure (CES)......ccccoeoieeiiinieiiieieeiiecieeeeie 1061

10.5.4 Cost Element Structure Data Development ..........c.cccoceevervienienennicnieneenne. 1061

LO.6  COSE SAVINES..eutiiiiiieiieeiieeiieetee ettt ee st et e site et e st e e bt esateesbeesateebeesateenbeasneeeseesneeas 1066
10.7  Cost Analysis Using Altered Fire Suppression Performance.............coccecerieneenen. 1068
10.7.1 Factor of Safety TestiNg........ccccveeviiiiiiieiiiieeieece e 1068

10.7.2 System DeSCIIPHON ...c..eeuiriiiriieiieierie ettt 1069

10.7.3 Altered Fire Suppression Performance...........occoeeveeriieciieniienieenieeeeee, 1070

10.7.4 COSt ANALYSIS ...veeuviiiiiiiieiiteieeee ettt st st 1073

10.8  CONCIUSIONS ....utiiiieiitietie ettt ettt ettt ettt e et esae e e bt e e e eabeesaeeenbeesseeenseens 1082
LO.9  RETEIEICES ... eieutieiieetieeiee ettt ettt e sttt e st e e bt e sateenbeesnaeenseens 1083



Table of Contents XV

Chapter 11: Verification of Fire Suppression PrinCiples...........ccvmrnsisnssssnssnessscsesesesesesesesesesesesens 1087
L1 COMEEXE ittt ettt ettt et e sbt e et e sbe e et e sbteesbeesbaeeteens 1088
11.2  Complexity of In-flight Fires and Their Suppression.........ccccceceveereevieneeneeniennnns 1088
11.3  New Understanding of the Fire Suppression Process.........cccooevvevveriienieeieeneennnnnn 1090

11.3.1 Overview of Fire SUppression ........cceeveveereeieneenenieneeieeienieeeeseenieenens 1090

11.3.2 Control of the Air Supply to the Fire.........cccoveviieiiiiniieiecieececieeeeee 1090

11.3.3 Delivery of the Fire Suppressant to the Fire.........c.cccocevveniiniiicnicnnnnne. 1090

11.3.4 Effectiveness of a Fire Suppressant at Quenching Flames............c.c.c..c...... 1094

11.4  Evaluation of Candidate Fire Suppressant Technologies ............ccceecvvevveeieennnennnnn. 1098
11.4.1 Screening MEASUIES .........coeeuirieriieiienienieeteeitenteete sttt seeenee e 1098

11.4.2 Measurements during Fire TeStS.......ccceereriierienieiienieneeieeereee e 1100

11.4.3 Life-cycle Cost ASSESSIMENL.........cccueeriieriieiiieniieeieeriee et esee e e seee e 1101

11.5 Potential for New, Viable Suppressants.........coccoceeeerienenrieniinennienieneeeneeseenens 1101
11.6  Fire Suppression Principles to be Tested........ccoveuieriiiiiiniieiierieeiieeie e 1103
11.7 Methodology for Real-scale Testing and Validation............cccceeveeniieiiienieeniennnen. 1106
11.7.1 Aircraft Engine Nacelle Test Facility Features and Capabilities................. 1106

11.7.2 Design of Experiments Methodology ...........coocieniiiiiiniiiiiiiiieieeeeee 1112

11.7.3 “Bracketing” Procedure for TeSting...........ccccveevvieriieviieniieiieeieesiee e 1115

11.7.4 Experimental Approach, Configuration and Procedure............ccceceveennnnee. 1115

11.8  Results and ANALYSIS .......coouieiiieiiieiiieie et 1125
11.8.1 Summary of General Data Collected...........cceovuierieriieiieniieiiecie e, 1125

11.8.2 PrinCIPLE 1 ..eeeiieiiiiieiee et 1126

T1.8.3 PrinCIPIe 3 ...eoiiiieiiieieeee ettt ettt et enne e 1127

T1.8.4 PrINCIPIE S .eviiiiiiceee et e e e e e eeenaneas 1128

T1.8.5 PIINCIPIC 6 ..ttt et eeta e 1128

T1.8.6 PIINCIPIC 7 .eveiieeiieeeeeeee ettt et e e e nr e e ennneas 1129

11.8.7 Extinguishing Mixing ModelS ..........ccccuieriiiiieiiieiienieeeecee e 1130

T1.8.8 PIINCIPIC 4 ..ottt et e eeab e e areeenaaeas 1134

11.8.9 PIINCIPIE 2 ...eeiiiieiiieiieee ettt ettt eebaeenae e 1137
11.8.10 Phase III ReSUILS .....cccuiiiiiiiiiiiie e 1141

L1.9  SUIMMATY .ottt ettt ettt e et e st e et e e it e e it e sateesaneeas 1141



XVi Table of Contents

L1100 RETETENCES ....ueiiiiiieiiieiietee ettt sttt et sttt et be e 1143
Chapter 12: AfterWOId ... s 1145
I12.1 A VIEW ARCA.....ccviiiiii et e e 1145
| B NS (=) (=) (o1 USRS URPRRP 1148
Appendix A: ACknowledgements ... ———————————— 1149
Appendix B: NGP Projects........cumsssssssssssssssssssssssssssss s sssssssssssssssssssssssssssssssssssssssssas 1151
Appendix C: NGP PubliCations...........ccccceeieencnencncncncnescsesssesssesssssssssssssssssssss s ssssssssssssssssssssaens 1155



LIST OF FIGURES

Figure 1-1. Interior of an Aircraft Engine Nacelle. .........ccooviiiiiiiiciiiiiiccieee et 11
Figure 1-2. Projects Contributing to Deliverable 1: Best Alternative Suppressant Chemicals. ................. 13
Figure 1-3. Projects Contributing to Deliverable 2: Guidelines for Optimal Application of

EXUNGUISHANES. ...ttt ettt ettt e st e st e eabe et e bt e bt e sbtesneeenseenseenaeens 14
Figure 1-4. Projects Contributing to Deliverable 3: Alternative Extinguishment Technologies. .............. 14
Figure 1-5. Projects Contributing to Deliverable 4: Technology Options Assessment

PLOTOCOL. ..ttt et ettt et e st e st e e te bt e beesheeenteenbeenteenseebeenaeens 15
Figure 2—1. Significant Non-combat Fire Locations on U.S. Navy Aircraft 1977-1993.......cccccveviienennen. 21
Figure 2-2. Combustion Threats in and around an Aircraft Fuel Tank. .........ccccoooovviiinniininiinineeee 21
Figure 2-3. Illustration of Notional Reduction in Overall Rotorcraft Vulnerable Area. ...........ccveenvenneee. 22
Figure 2—4. Known Ejection Locations of Navy Aircrewmen Who Became POWs during the

Southeast Asia CONTIICT. ......eeiiiiiieii ettt st be e 23
Figure 2-5. Locations of Navy Rescues of Navy Aircrewmen during the Southeast

ASIA CONTTICL. .ottt sttt ettt sb ettt sat et sae et esae b sbeeneeae 23
Figure 2—6. Example Turboshaft ENGINE. .........cccveiiiiiiiiiiiiciieiccse sttt er e ess e e 25
Figure 2—7. A Fighter Aircraft Engine Nacelle...........ccoooiiiiiiiiiiiiiiiieeieee et 26
Figure 2—8. Diagram of an Aircraft Fire Suppression System Installation............cccceevvveviieicieeecieenieenen. 26
Figure 2-9. An Aircraft Engine Nacelle Fire Suppression System Installation, Suppressant

Bottle External to the Nacelle. ........cooiiiiiiiiiiiiieeee e 27
Figure 2—-10. An Aircraft Engine Nacelle Fire Suppression System Installation, Suppressant

Bottle Within the NaCelle.......c.ooiiiiiiieeee et 28
Figure 2—11. A Transport Aircraft Auxiliary Power Unit Installation............cccceeeevinieieninienineceen, 29
Figure 2—-12. A Fighter Aircraft Accessory Compartment With Fire Suppression System

INSTALLALION ..ottt ettt ettt et st s 30
Figure 2—13. An Aircraft Gearbox Compartment With APU. .........ccccoccviiiiiiiiiiieiceceeceecre e 30
Figure 2—14. A Secondary Power System (SPS) Installation. ...........cccceeevvevieeriieniieniienienieee e 31
Figure 2—15. Typical Dry Bay Locations in a Fighter Aircraft............ccccoevviieiviieniieeiieeieeee e, 32

Figure 2—-16. A Dry Bay Compartment Adjacent to a Fuel Tank; Fire Detector and Fire
Suppressor Installed within the Dry Bay Compartment. ............ccccevveriererncieecieeieeieeieeseeeeenees 32

Figure 2—-17. Top View of a Wing Dry Bay Containing Drive, Hydraulic, and Electrical
SYSLEMNS COMPONEIILS. ....vvieeeiiiieeiiiiieeeeiteeeeetieeeeetreeesetreeesatreeesasaeesssssaeessssseessssseesssseeessssseesans 33

Figure 2—-18. A Wing Leading Edge Dry Bay Containing Hydraulic and Electrical Systems
Components, Leading Edge Structure Removed. .........c.ccoceviiiiiininiiniiiiececeeeeeee 33



xviii List of Figures

Figure 2—19. Non-DoD Aircraft Halon 1301 Dry Bay Fire Protection System...........ccccceeevvrienenvnncennnne 35
Figure 2-20. Diagram of a Cargo Fire Suppression System Installation on a Transport

F N (02 2 1 i PRSPPSO 36
Figure 2-21. Illustration of Ullage Fire/Explosion Protection Devices. ........ccecoveeererieienenieriesie e 38
Figure 2-22. F-16 Aircraft Inerting System Diagram..........ccccvevveriirciiriieeniieneenieseesresreereeseesseesseessnens 40
Figure 2-23. Imperial Japanese Navy Dry Bay and Ullage Fire Suppression System Concept,

Late WOrld War IL.....coo.oii ettt ettt b e sttt beeaeenaee 46
Figure 2-24. Ignition and growth of a flame in 7 % H,, 1.4 % C;Hg Jet A Simulant Mixture at

295 K and 84.1 KPa....ouiiiiiiiieieeee ettt sttt st et 47
Figure 2-25. Spark-Initiated Ullage Combustion ProCess. ........ccceevviieeiiiiiiieiiiieieeciteeiee e evee e 48
Figure 2-26. Stabilized Pool Fire Formation within an Aircraft Dry Bay Compartment.................ccvc...... 49
Figure 2-27. Flame Temperature vs. Equivalence Ratio. .........ccccvevvirieriiiiieeiieiieniesee e seeen 50
Figure 2-28. Hydrocarbon Flame Emission SPectra. .........ccccccveiiiriiniiiiiiieeie et 52
Figure 2-29. Turbulent Fire within Aircraft Dry Bay Compartments. ...........ccccceevveeeeiieenieenveeecieeeeeeeeenen. 53
Figure 2-30. Variation in Halon 1301 Peak Flammability Limits for Isobutane with

TRIMPETALUTE. ...eeeutiieiiiieiiee ettt ettt et e ettt e s et e s bt e e s tb e e eabeeebteesabeeebbeesabeesnbeeesabeesnsee 54
Figure 2-31 Variation in Halon 1301 and Three Halon Alternative Mass Fractions (Beta)

Required to Suppress JP-8 Spray Flames with Temperature. ..........c.ccccvevvvevieveereencienreereeveenen 55
Figure 2-32. Commercial Aviation Standard Climates vs. DoD WWAE Design Guidance. .................... 56
Figure 2-33. DoD Land Environment Design GUIdance. ...........cccccveieeiieniieeiieeiieeciie e evee e 57
Figure 2-34 Variation of Ambient Pressure vs. Pressure and Geopotential Altitudes on

Standard-day and Non-standard-day Temperature Conditions.............ccceveeervererencieesieesieeneeneeennes 61
Figure 2-35. Flammability Limits of Jet-A and Jet-B Fuels vs. Altitude and Standard

ATMOSPRETES. ..eiciviieeiie ettt ettt e et e e st e e e tae e abeeesbaeeetbeaansaeessbeeessaeensaeeassaeensseeesseeennes 62
Figure 2-36. Plot of Standard Climate Profiles and WWAEs vs. All DoD Aircraft Fire Events

and Suppressant Releases where Both Altitude and OAT Were Provided. .......c..ccccooeveiiinennee. 63
Figure 2-37. Plot of 1988-2000 Commercial Aircraft Fire Events vs. Altitude and OAT,

Events for which NTSB Database Provided Both Altitude and OAT. ........ccoeoeiieieiiiieeeeeee 64
Figure 2-38. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant Releases by

ATTEUAC. vttt ettt ettt et e bt et e beesaessesseesse s e essenseeseensenseeseenseeneeseensenseensetens 64
Figure 2-39. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant Releases by OAT................. 65
Figure 2-40. Fixed-wing Aircraft Nacelle/APU Compartment Fire Suppressant Releases by

ATTEUAC. ettt ettt ettt ettt et e st e beese e besseessa st e essense et e ensenseeseenseeseeseenseereensensens 65
Figure 2—41. Fixed-wing Aircraft Nacelle’/APU Compartment Fire Suppressant Releases by

[ N SRR 65
Figure 2-42. Peak Nacelle Temperature at 50 knots Airspeed vs. Altitude. ........ccooceeveierieneninienenenen, 67
Figure 2—43. Peak Nacelle Temperature at 400 knots Airspeed vs. Altitude. .......c.cecvveveieeciienieecieeenee, 67

Figure 2—-44. Initial OAT per JAR-1 Arctic Standard Climate. ...........ccooereerieiiniereneeeesee e 71



List of Figures XiX

Figure 2-45. OAT at Takeoff is -40 °C (-40 °F) with Bias Applied to OAT. ......ccccevveviievrieieeeierieenene 71
Figure 2-46. Fixed-Wing Aircraft Fire Mishaps and Incidents by Phase of Operation. ........c..cccccoceeenne. 74
Figure 2—47. Distribution of DoD Rotary Aircraft Ground Fire Locations. ..........cceceeveveiienienienceniennene 75
Figure 2—-48. Distribution of DoD Fixed-Wing Aircraft Ground Fire Locations............cccccceverinienenenen. 75
Figure 2-49. Distribution of DoD In-Flight Rotary Aircraft Fire Locations .........cccccoveeveeveniniencncenenene 76
Figure 2-50. Distribution of DoD In-Flight Fixed-Wing Aircraft Fire Locations.........ccccocceeeverienenennne. 76
Figure 2-51. DoD Rotary Aircraft Fire Data vs. Atmospheric Profiles, Flammability Limit

Profiles, Operational Ceiling, and Suppressant Release. .........c.ccvvvvieviieviienienieniecrecreere e 77
Figure 2-52 DoD Fixed-Wing Aircraft Fire Data vs. Atmospheric Profiles, Flammability

Limit Profiles, Potential Stall Condition and Suppressant Release. ..........cccceeveevvieniieecieecnieenee. 78
Figure 2-53. Example Conventional Halon 1001 Powerplant Fire Suppression System

Distribution Installation, USN Turboprop Powerplant. ..........c.ccccvevverieriienieniienieeieeieeieeeeenenns 82
Figure 2-54. Example Conventional Halon 1011 Fire Extinguishing System Distribution

Installation, Turboprop POWeErplant. ............cccvviiiiiiiiiiiiiieciee ettt 83
Figure 2-55. Example Conventional Halon 1011 Fire Extinguishing System Distribution

Installation, USAF Turbojet POWerplant. ........c.cceceviiiiiinieiiinienienenceeesieeesieeteee e 84
Figure 2—56. Minimum Discharge Duration from an HRD System Using Halon 1011............................ 85
Figure 2-57. Zones Protected by the Nitrogen Fire Suppression System on C-5 Aircraft. ...........cccueenee. 89
Figure 2-58. Fire Suppressant Concentration Analyzer Sampling Probe Installation............cccccecevennennee. 90
Figure 2-59. Example Fire Suppression System Suppressant Concentration Measurement...................... 90
Figure 2—60. MIL-HDBK-221 Design Guidance for Explosion SUppression. .........ccccceeeveeeveeereenreenieenneens 91

Figure 2—-61. Typical Legacy OBIGGS Qualification Test Oxygen Concentration
Measurement LOCAtION. .....c..ccouiriiieriirieeteieet ettt ettt ettt et et sbe et e st s bt et e b enee e e 92

Figure 2—62. Comparison of Halon 1301 Certification Requirement and HFC-125 Design

Equation Limits vs. Published Flammability Limits. ..........ccccceveiiiiirnviienienieniecie e e 97
Figure 2—63. Example of Non-optimized Halon 1301 Nacelle Concentration Distribution...................... 98
Figure 2—64. Example of Non-optimized HFC-125 Nacelle Concentration Distribution. ......................... 98
Figure 2—65. Examples of HFC-125 Nacelle COnCentrations. .........c..ccveeeveerreerreeseeseesvesneesseesseessessseesens 100
Figure 2—66. Summary of HFC-125 and SPGG Fire Suppression Results from C-130J Live

FAT@ TESHINE. ...eeteeiieeie ettt ettt et et e st s e et e e e bt et e e steesaeesaeesateenbeenseenseenseasnseenses 103
Figure 2—-67. Time Sequence of Dry Bay Compartment Fire Suppression by Inert Gas

GENEIALOTS. ..ttt ettt ettt sttt ettt e bt e sb e e s bt st e bt e bt e bt e sbeesbeesateeateeabe e be e beenbeesnees 104
Figure 2—-68. V-22 Inert Gas Generator Fire Suppression SyStem.........coceeeevereriieninienenenieneneeeenenne 104

Figure 2—69 NGP Testing Results Comparing Solid Propellant Inert Gas Generator Propellant
Mass vs. Chemically Active Gas Generator Propellant Mass.........c.ccccoeeveevrieveenieniesiesveeneennn. 105

Figure 2—-70. Effect of Suppressant Concentration and Mass Fraction on Peak Explosive
Pressure for LFEs Pressurized to 1,000 psi, 12.7 mm API Threat and 3 % JP-4S. ................... 107



XX List of Figures

Figure 3—1. Comparison of Local Strain Rates Measured by Laser Doppler Velocimetry in
Non-premixed Counterflow Flames and Calculated Global Strain Rates...........ccccceeveerienenncee. 129

Figure 3-2. Extinction Strain Rate vs. Agent Molar Concentration for Non-premixed
Methane-air Flames Suppressed by: a) Fluorinated Ethanes, SFs, and N,; and b)
FIUOTINAtEd PTOPANES. ....ocviiiiiiiiiiieiie ettt ettt st ere et eeteesteesteessaesstesnseansaenseenseensnennses 130

Figure 3-3. Extinction Strain Rate vs. Agent Molar Concentration for Non-premixed
Propane-air Flames Suppressed by: a) Fluorinated Ethanes, SFs, and Nj; b)
Fluorinated Propanes; and c) Bromine- or [odine-containing Methanes. ...........c.ccecovveeeeneenene. 131

Figure 3—4. Reaction Pathways for Premixed Methane/air Flames Doped with 3.81 Volume
% of: (a) HFC-134 and (b) HFC-134a. ...c.oiiiiieeee et 136

Figure 3-5. Extinction Concentrations for Agents Suppressing: (a) n-heptane/air Cup Burner
Flames; (b) Methanol/air Cup Burner Flames; (¢) Methane/air Counterflow Flames at
a Strain Rate of 80 s'; (d) Propane/air Counterflow Flames at a Strain Rate of 80 s™................ 139

Figure 3—6. Effect of Fuel Type on Agent Extinction Concentration. ............eccueeeeveeerveescreeesieeenveeesnneenes 141

Figure 3—7. Mole Merit Number of Metal-containing Compounds for the Oxidizer Velocities
in the Range of 50 cm/s t0 60 CIMY/S. ....cccuiiriiiiieiieeieeie ettt ettt s e e enees 147

Figure 3—8. Main Catalytic Radical Recombination Cycle of Iron Found to be Important for
Methane-air FIAMES. .........cooieiiiiiiiieee ettt sttt ettt et et eees 156

Figure 3-9. Radical Recombination Reaction Pathways Found to be Important for CO-H,-O,-
IN D FLAIMIES. ..ttt sttt s assaeaannnaasannnannns 157

Figure 3—10. Different Classes of Reactions Which May Contribute to Iron's Super-efficient
Flame Suppression Ability through the Catalytic Recombination of Radical Species. ............... 158

Figure 3-11. Calculated H-atom Super-equilibrium Ratio and Peak Temperature in a
Counterflow Diffusion Flame as a Function of Strain Rate...........c.cocevininiininnncninicnenenne. 158

Figure 3-12. Schematic Diagram of the Low Pressure Burner and Optical Measurement
ATTANZEIMICIL. ...eeiiiiiiiiieiitie ettt ettt ettt et e ettt e st e e bt e e sabeeebteesabeesabeeeabteesabeeebbeesabeesbeeesabeeeaneas 160

Figure 3—13. Emission Image Collected from the Centerline of the Low Pressure, Opposed
Flow, CH;-air flame with 10 % of the Fe(CO)s Concentration Required to Extinguish

the FIAME. ..ot 163
Figure 3-14 LIF [OH] Profiles Collected from Inhibited CHy-air Flames Containing
Nominally Half of the Concentration Required for Extinguishment. ...........cccccoevevevenciincrieieennen. 163

Figure 3-15. Dependence of Normalized Maximum OH LIF Intensity on Inhibitor
COMCEITALION. . c..eniteeiteieeit ettt ettt sttt ettt b et st s bt et s bt e bt et ebeest e bt e st et e sbeebesbesbeesbebens 165

Figure 3—-16. Calculated and Measured Normalized Burning Velocity of Premixed CH4/O,/N,
FLAIMES ...c.vvveeeeeeeeeeeee ettt ettt e e e e e e e e e e eare e e e earees 167

Figure 3—17. Normalized Burning Velocity and Maximum Measured Scattering Signal Q,, for
¢=1.0 CHy4 Flame with Xop0x = 0.21 and 0.24. ......cooiiiiiiiiiee e 168

Figure 3-18. Maximum Scattering Signal and Normalized Burning Velocity for
CO-H, Flames as Fe(CO)s Concentration VAari€s. .........ccecvverververrveesieesreesieeseesnessesssessseesseenses 168

Figure 3—19. Maximum Q,,, for Flames of CH4 and CO as a Function of Burning Velocity. .................. 169



List of Figures XXi

Figure 3-20. Calculated Normalized Burning Velocity for Several Diameters of Ideal
Heterogeneous Inhibitor, Fe(CO)s data, and Calculated Normalized Burning Velocity
using the Perfect Gas Phase Inhibitor MechaniSm..............cccoecveriieiieniinienieeieeeese e 169

Figure 3-21. Normalized Extinction Strain Rate for Counterflow Diffusion Flames. ...........cccccocerene. 170

Figure 3-22. Correlation between Inhibition Effect in Counterflow Diffusion Flames and
Maximum Measured Scattering Signal Quy . .eeeveerieriieiieiieiieree et 171

Figure 3-23. Volume Fraction of CO, Required for Extinction (Xco,,ext) of Methane-air Cup
Burner Flames as a Function of the Volume Fraction of Catalytic Inhibitor Added to
THE AT SETEAITL. ...ttt ettt et et b ettt e b et e st e ea et sbe et e st eae et e sbeensenaes 172

Figure 3-24. Particle Light Scattering as a Function of Radial Position and Height above Cup
Burner for Four Loadings 0f FE(CO)s......cciiiviiiiiiiiiiieiieiieieesee e eve e esieesteesveseneesveeveesnesens 173

Figure 3-25. Calculated Temperature and Velocity Vectors for Methane-air Cup Burner
Flame with an Oxidizer Stream CO, Volume Fraction of 0.1, with and without an
Added Fe(CO)s Volume Fraction of 100 LL/L. ......ooooviiiiiiieiie ettt 174

Figure 3-26. Map of Calculated Temperatures in Cup Burner Methane-air Flames with 10 %
CO; in the Oxidizer Stream and (a) 0.011 and (b) 0.012 Fe(CO)s Volume Fraction in
the Air Stream, Illustrating the Blowoff Phenomenon. ..........cccccceeevieeciiiiniieecii e 174

Figure 3-27. Experimental and Calculated Extinction Volume Fraction of CO, and Peak
Measured Scattering Cross Section as a Function of the Volume Fraction of Fe(CO)s
TN ThE AT STECAIML L...uiiiiiiiii et e e e ettt e e e et e e e e etae e e e etteeeeeaaeeaeebeeaeeeasees 175

Figure 3-28. (a) Calculated Volume Fractions, X;, of Iron-containing and Other Major
Species as a Function of Radial Position at 4.8 mm above the burner (corresponding
to the location of the reaction kernel in the flame base); and (b) the Supersaturation

Ratio, Si, for Fe, FEO, and FE(OH)a......uiiiiiiiiiieiie ettt ettt e e n 176
Figure 3-29. Calculated Particle Trajectories for Free Molecular Regime Particles in a CHy—

air Flame with 10 % CO, in the OXIdIiZET StrEaM. .......ovviiiiiiiiiiiieeeeeeeeeeeeeee e 177
Figure 3-30. Visible Images of Methane-air Premixed Flames. ..........cccoocviieciiiiniiiiiiecie e, 186
Figure 3-31. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by

TMT for Xoz,0x=0.21 and @=0.9, 1.0, and 1.1 .....ccccoeiiiiiiiiiiiie e 187
Figure 3-32 — Normalized Burning Velocity of Premixed CH4/O,/N, flames Inhibited by

TMT for ¢=1.0 and X;,0x=0.20, 0.21, and 0.244 .........oooiiiriii e 188
Figure 3-33. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by

MMT with Xop,0x=0.21 and ¢=0.9, 1.0, and 1.1. ...ccccooiiiiiiie e 189
Figure 3-34. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by

MMT, with ¢=1.0 and Xp,,0x=0.19, 0.20. 0.21, and 0.244. ........ccceeiiririiieeereeereeeee e 189

Figure 3-35. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by CO,,
CF;Br, Sn(CH3)4, SnCly, MMT, and Fe(CO)s. Ty, = 353 K for all data except

Sn(CH3;)4 and SnCly which are at 298 K. ...ccvveiieiiiiiiiiecieeeeeeeee e 190
Figure 3-36. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by Pure
MMT and Fe(CO)s, and by a Blend of the TWO. .....cccoeeeiiiiiiiiiieieeee e 191

Figure 3-37. Reaction Pathways for Sn, Mn, and Fe in a Premixed Methane-air Flame
(=10, X02,0x =0.21, Tin=353 K. etrteuirteiiiiriciecrtce ettt 192



XXii List of Figures

Figure 3-38. First-order Sensitivity Coefficient of the Burning Velocity to the Specific
Reaction Rate Constant for Reactions with Tin-containing Species (1963 uL/L of

Figure 3-39. First-order Sensitivity Coefficient of the Burning Velocity to the Specific
Reaction Rate Constant for Reactions with Manganese-containing Species (150 pL/L
OF IMIMIT). ettt ettt et ettt e e s s e e st e sbe s st esb e sesssensesseessenseassansesseensensesseensensens 195

Figure 3-40. Volume Fractions of O, and OH Radicals and Metal Species Intermediates as a
Function of Temperature in Flame for Fe(CO)s, MMT, and TMT 197

Figure 3—41 Fractions of Sn-, Mn-, and Fe-species at Equilibrium in Methane-air Flames as a

Function of TeMPEIAtUIE.........ccvieiiiiiiiieiiieeiie et ctee ettt e e tee s veestee e tveeebeeessbeesssaesssseesssaaans 198
Figure 3—42. Schematic of the Experimental Setup for Fe(CO)s AbSOrption. .........cccevveevveerieereenvenenennn. 201
Figure 3-43. High Resolution Transmission Electron Micrograph Images of Zeolite-NaX

PATTICIES. .ttt ettt et ettt ettt h e at e et e e teete e te e be e be e neesneeenees 204
Figure 3—44. Schematic Diagram of Counterflow Diffusion Flame Burner with Provision for

Addition of Particles to the Air Stream.........ooieriiiieiiiiiiee e 206
Figure 3—45. Calculated and LDV-measured Velocity Profiles at Exit of Premixed Burner

Nozzle for Total Flows of 7.4 and 9 L/MiN......cccccoceririiininieniniiiiiinecieneeeeneseeeneeeenie e 207
Figure 3—46. Methane-air Counterflow Diffusion Flames: Pure and with NaHCQO; Particles ................. 208
Figure 3-47. NaHCO; and Silica Mass Fraction vs. Methane-air Nonpremixed Extinction

SHAIN RALE. ..ottt ettt sttt st ettt s ne 208
Figure 3-48 — Laser Scattering of NaHCO; Particles in a Counterflow Diffusion Flame of

Methane and Air, Showing that the Particles Pass Through the Flame. .........c..ccccoccoiininnnne. 209
Figure 3—49. Premixed Methane-air Nozzle Burner Flames: Pure and with NaHCO; Particles............... 210
Figure 3—50. Comparison of Normalized Burning Velocities with Added Particles............ccceeeeverennnne. 210

Figure 3-51. Normalized Flame Strength as a Function of Added NaHCO; Mass Fraction for
Premixed and Counterflow Diffusion FIAmMES. .......ooovviiiiiiiiiiiiii 211

Figure 3-52. Normalized Flame Speed for a Methane-air Flame with Added Silica Gel
Particles (14 to 40) um, with and without I, Impregnated in the Particles. .........cccccoevvvevreenenne. 212

Figure 3-53. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by
Ferrocene and Fe(CO)s, Together with Modeling Predictions (dotted lines). .........c.ccccvevueennennee. 216

Figure 3—54. Normalized Burning Velocity of Stoichiometric CH4-O,-N, Flames at 400 uL/L
of Ferrocene as a Function of the Activation Energy of the One-step Ferrocene

Decomposition REACHION. .......coiiiiiiiiiiieeieeeeee ettt sttt sbee s e sneesnees 217
Figure 3-55. Normalized Burning Velocity of CH4/O,/N, Flames, a) Xo,,0x = 0.21, b) X0,,0x
= (0.244, Inhibited by CO,, by CO,—ferrocene Blends, and by CF;3Br.......cccccovveviieviievieienee. 219

Figure 3-56. Normalized Burning Velocity of CH4/N,/O, Flames, a.) Xgy,0x = 0.21, b.)
Xo02,0x = 0.244, with 0, 2, and 6, or 0, 6, and 12 Volume Percent of CO,,
Respectively, Added to the Reactant Stream, as a Function of Added Ferrocene........................ 220

Figure 3-57. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by Pure
CF;H and by CF;H with 0.35 % Ferrocene, Together with Data for CF;Br.........ccccoocieiennnen. 221



List of Figures XXiii

Figure 3-58. Equilibrium Mole Fraction of Active Inhibiting Species (Fe, FeO, FeOH,
Fe(OH),) and Iron-fluorine Species with 1 % to 4 % CF;H (Containing 0.35 %
Ferrocene) Added to a Stoichiometric Methane-air Reaction Mixture...........ccccveevveeecieeeeveeenneen. 222

Figure 3-59. Linear Contribution of Burning Velocity from Each Component of a two-
Component Blend of Inhibitors, Together with the Actual Reduction from the Blend. .............. 223

Figure 3-60. Ratio of the Actual Reduction in SL from the Two-component Mix to the
Predicted Reduction Based on Linear Combination of the Effect from Each
(0707111007115 1 | FASS PR 224

Figure 3-61. Volume Fraction of Cr-containing Species. Cr, CrO, CrO,, and CrO3 above
Cr,05 at 10.133 kPa under Neutral and Oxidizing Conditions above Cr,O; and Cr

ADOVE TESCIE ..ottt ettt ettt e a ettt ettt ettt e et et e ere et e naeas 225
Figure 3-62. Pb Species Gas Phase Volume Fractions at Equilibrium over the Condensed

Phase (At TO1.3 KPa)......cuiiiiiieiiiciee ettt ettt et sve s e taeesabeeeabeeesaeeesaseaans 226
Figure 3-63. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by

MMT with Xop0x=0.21 and @ = 0.9, 1.0, and 1.1, .ccooieiiiiiiiieeeeeee e 227
Figure 3—64. Mn Species Gas Phase Volume Fraction at Equilibrium over the Condensed

Phase at 101.3 KPa. ..ottt et et ettt 227
Figure 3-65. Tungsten-containing Species Gas Phase Volume Fraction at Equilibrium over

the Condensed Phase at 101.3 KPa........oooiiiiiiiiiiee e 228
Figure 3-66. Mo-containing Species Gas Phase Volume Fraction at Equilibrium over the

Condensed Phase at 101.3 KPa.......ccooiiiieee e 229
Figure 3-67. Normalized Burning Velocity of Premixed CH4/O,/N, Flames Inhibited by

TMT with Xopox =0.21 and @ = 0.9, 1.0, and 1.1..c.cccoviiininiiiiieeeeeeeee e 229

Figure 3-68. Sn-containing Species Gas Phase Volume Fractions at Equilibrium over the
Condensed Phase at 101.3 KPa..........oooiiiiieee e 230

Figure 3-69 Co-containing Species Gas Phase Volume Fraction at Equilibrium over the
Condensed Phase at 101.3 KPa.......c..cccoiiiiiiiiiiiecec et 230

Figure 3—70. Cu-containing Species Gas Phase Volume Fractions at Equilibrium over the
Condensed Phase at 101.3 KPa.......c..oooiiiiiiii et 231

Figure 3—71. Equivalent N,/O, Limiting Oxygen Index for Extinction of Polyethylene (PE)-
halogen- Sb,O; Blends and Methane-air Cup Burner Flames with MMT, Fe(CO)s,

ANA SNCH ) ettt ettt ettt e et e et e e et e e eeareeeabeeeteeeeareeereeenns 232
Figure 3—72. Schematic of Opposed-jet BUIMET...........cccciiiiiiiiiiiieieeeeeeee e 239
Figure 3—73. Schematic of LIF APPAratUs.........cccveeiiieiiieeiiiieiiieeieeeniveesreeeieeesreeeteeesaseesssesessseesssessnnns 241

Figure 3-74. Variation of Global Extinction Strain with Observed Flame Position at
EXTNCTION. 1..oiiiiiiieieet ettt ettt et et 246

Figure 3-75. Variation of Global Extinction Strain with Observed Flame Position at
Extinction for Non-premixed CH4/N,-O,/N; Flames, with Z = 0.50. ......c.covvevvevienienreerennn. 247

Figure 3—76. Observed Flame Positions as a Function of Predicted Distance to the Stagnation
Plane for Non-premixed Flames of CHy-air (Zy = 0.054), and CH4/N,-O,/N, Flames,
(Z 5= 0.50) Near EXTINCION. ....ccccviiiiieiiiieeiiieeiee ettt esreeeieeesereesbeeessaeessseessseessseesssesesssessssessnnes 248



XXiv List of Figures

Figure 3—77. Inhibition of Non-premixed Methane-air Flames, Based on Reduction in the
Global Extinction Strain Rate by Oxidizer-side Addition of Nitrogen, with and
without Preheated REaCtants. ........ccuieiuieiiiiiiiii ettt s 249

Figure 3—-78. Inhibition of Non-premixed Methane-air flames, Based on Reduction in the
Global Extinction Strain Rate, by Oxidizer-side Addition of Trimethyl Phosphate
(TMP), and Dimethyl Methylphosphonate (DMMP). .........cccvriiriiiiiiiieieeeee e 250

Figure 3-79. Adiabatic Flame Temperature vs. Stoichiometric Mixture Fraction for a
Methane-nitrogen-oxygen-nitrogen Flame with the Extinction Strain Rate Held

CONSLANE At 350 2 10 S - o.oeovieeeeeeeeeee et 252
Figure 3—-80. Flame Suppression Effectiveness of 25,000 uL/L. Argon as an Oxidant-side or
Fuel-side Additive vs. Stoichiometric Mixture Fraction............ccccovvvevieriienienieeie e 253

Figure 3-81. Normalized Flame Suppression Effectiveness of Argon-doped Flames vs.
Stoichiometric Mixture Fraction at FiXed. ........ccoocveviiiiiiiiieieieeeee e 253

Figure 3-82. Flame Suppression Effectiveness of 500 pL/LL DMMP as an Oxidant-side or
Fuel-side Additive vs. Stoichiometric Mixture Fraction.............cccoccveveeriieniencieeieeie e 254

Figure 3-83. Normalized Flame Suppression Effectiveness of DMMP-doped Flames vs.
Stoichiometric MiXture FTACtION. ......couiitiiiririeniirieeneeteteet ettt s 255

Figure 3—84. Normalized effectiveness of DMMP-doped Flames as a Function of Adiabatic

FIame T@MPEIALTULE. .....c.eecvieriieriieriieiteeie et eteesteesteesteessaesssessseesseesseessaesseesseesssesssesssesssesseenssessses 256
Figure 3-85. Calculated Major Species and Temperature Profiles for Flame 1 and Flame 4,

DOth UNAOPEA......eiiiiiieiiiie ettt e e et e e te e s taestbesebeesbeesseessaessaessseassesssessseenns 258
Figure 3—86. Calculated and Measured OH Concentration Profiles for Flames 1 and 4............c....c...... 258
Figure 3—87. [OH] Profile Widths (FWHM). ......ccoiiiiiiiieeee et 259
Figure 3—88. Effect of 572 uL/L of DMMP on [OH] in Flame 1. 260
Figure 3—89. Effect of DMMP Loading for All FIames. ........c.ccceevvieviierierienie e sene e 261
Figure 3-90. Temperature Dependence of EffectiVveness. ........ccccvevierieriiiieiiieieeeeeeseeeee e 262
Figure 3-91. Effect of 572 puL/L of DMMP on Calculated OH, H, and O Concentration

Profiles in Flame 1 (CH4/O2/N2). c.vviiuiiiiieiieiieitetteste sttt ste et staessvessveesraesaessaessnesssensnas 263
Figure 3-92. Temperature Dependence of Effectiveness Defined as in Terms of Reduction in

1707721 1@ ) 5 1 SO SUUSRPTPTUSRPURSRT 264
Figure 3-93. OH, H, and O Production Rates in Flame 1 and Flame 4, Summed over All

Reactions Involving PhOSPROTUS.........cccviviieiiieiieniecieeie ettt te e ennas 264
Figure 3-94. Total OH Production Rates in Flame 1 by Reactions Not Involving Phosphorus............... 265
Figure 3-95. Influence of the Addition of 572 uL/L of DMMP on OH Production Rates in

FLAME .. oottt ettt et ettt et e bt e et e sae e e bt ee e et e e ne et et e eneenneens 266
Figure 3-96. H and O Production Rates by All Reactions Involving Phosphorus and by

Individual Reactions in F1ame L. ........cooiiiiiiiiiiii e 267
Figure 3-97. Temperature Profiles Measured in (a) Rich and (b) Near-stoichiometric Flames............... 274

Figure 3-98. CH, in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames, with
GRI and Babushok and Glaude Predictions. ...........ccocuiiiieriierienieniereeee et 275



List of Figures XXV

Figure 3-99. CO, in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames, with

GRI and Babushok and GlaudePrediCtions. ...........cccccvvrvieeriierienienieniesie e eie e esiee e sne e 275
Figure 3—-100. CO in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames, with

GRI and Babushok and Glaude Predictions.............cceoeierieieienieeeeee e 276
Figure 3-101. CH,O in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames,

with GRI and Babushok and Glaude Predictions.............cceevcviiiiiiiiiieeiieecieeeee e 276
Figure 3-102. C,H, in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames,

with GRI and Babushok and Glaude Predictions.............cceoeiieierieiieienesceee e 277
Figure 3-103. C,H4 in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames,

with GRI and Babushok and Glaude Predictions. .........cooeeiieiiiiiiieiienierieneeeee e 277
Figure 3-104. C,H¢ in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames,

with GRI and Babushok and Glaude Predictions..............cccvevveriiniennieenieeniesee e 278
Figure 3-105. CH;0H in Doped and Undoped (a) Rich and (b) Near-stoichiometric Flames,

with GRI and Babushok and Glaude Predictions. .........cooeeiieiiiiiiiiiienieiieeeeee e 278
Figure 3—106. Schematic Diagram of the Experimental Apparatus. .........ccccoeeveveeervieereeneerieenienieeneennes 283

Figure 3—107. Representative PLIF Images and the Corresponding OH Intensity Profiles from
an Opposed Flow Propane-air Flame Seeded with 0 % (by volume) CF;Br and 1.5 %
(DY VOIUIME) CF3BI.. ittt ettt et e s tae s tbessbeesseessaessaessaessnessseessens 284

Figure 3-108. Normalized OH LIF Profile Areas vs. Inhibitor Agent Delivery
Concentrations. 0: N,, O: HFC-227ea, A: HFC-236, : PN, ¢: CF;Br, m: DMMP, and
o: Fe(CO)s. Insert: Expanded data for PN, CF;Br, DMMP, and Fe(CO);s

Concentrations up to 0.75 % bY VOIUME. .......cccviviiriiiiiieiieriecee et enne s 286
Figure 3—109. Peak LIF Measured Temperatures vs. Inhibitor Delivery Concentrations.. ...................... 288
Figure 3-110. Calculated Burning Velocities vs. Delivered Inhibitor Concentration for a

Numerical, Stoichiometric, Premixed, Propane-air Flame. ...........cccocceevieviinienieniecieeeeieeen, 289
Figure 3—111. Normalized OH Concentrations vs. Delivered Inhibitor Concentrations. ................c..c..... 290

Figure 3-112. Burning Velocity, Final Flame Temperature, Inhibition Parameter, and
Superequilibrium Concentrations of Flame Radicals Computed for Atmospheric
Pressure Stoichiometric Methane-air Mixtures Inhibited by NaOH...........c.cccovevvevienieniennnnnen. 293

Figure 3-113. Burning Velocity, Final Flame Temperature, Inhibition Parameter, and
Superequilibrium Concentrations of Flame Radicals Computed for Atmospheric
Pressure Stoichiometric Methane-air Mixtures Inhibited by CF;3Br. ......coocvvviiviiiiieieiee, 293

Figure 3-114. Burning Velocity and Differential Inhibition Parameter computed for
Atmospheric Pressure Stoichiometric Methane-air Mixtures Inhibited by N, and FeO,
1N COMDINATION. ..iivvviiiiiiiiiieciieee et e ettt et e e ettt e e eeaae e e e eeaareseesaareesessteeesesstreesssnreesessreessnnnees 295

Figure 3—-115. Relationship between Burning Velocity and Peak Concentration of Atomic
Hydrogen for Methane-air Flames Inhibited by Various Compounds............ccceeeveeeriveenveennenne 296

Figure 3—116. Mole Fraction of Atomic Hydrogen as a Function of Local Flame Temperature
for an Uninhibited and Uninhibited Atmospheric Pressure Methane-air Flame......................... 298

Figure 3—117. Calculated Flame Velocity as a Function of Hypothetical Variation of the H-Br
Bond Energy for Premixed Methane-air Flames Inhibited by 0.5 % HBr Using the H
+ H and H + OH Scavenging Cycles of Table 3........ccccccvevierieniiniiiiieeeeeeeeesee e 304



XXVi List of Figures

Figure 3—118. Calculated Flame Velocity as a Function of Hypothetical Variation of the Na-
OH Bond Energy for Premixed Methane-air Flames Inhibited by 0.1 % (NaOH),
using the H + OH scavenging cycle of Table 3 ........ccccooiiiiiiiiiiiieeeeeeee e 305

Figure 3—-119. Calculated Flame Velocity as a Function of Hypothetically Variation of Fe-O
Bond Energy for Premixed Methane-air Flames Inhibited by 500 pL/L FeO, Using
the Three-step O + O Scavenging Cycle of Table 3 .........cooiviiiiiiiiieeeeeee e 306

Figure 3—120. Shapes of the Reaction Rate Profile Bi Used to Describe: a) Perturbation of
Chain Branching and Heat Release Rates, b) Addition of Perfect Inhibitor or CF;Br

c¢) Rapid Inhibitor Activation, and d) Rapid Inhibitor Deactivation. ..........ccccecevereenenencenennen, 308
Figure 3—121. Variation of Flame Speed for Four Types of Perturbation. ............cccceevveevvienciieecieenreenns 311
Figure 3—-122. Net H-atom Reaction Rate for Three Important Reactions in Stoichiometric

Methane-air FIAMES. ........cccooiiiiiiiiiiiiiii e 312
Figure 3—123 Effect of damping the rate of the H+O, reaction on normalized flame speed for

O=0.7, 1.0, a0 1.3. 1ottt 313
Figure 3-124. Calculated Volume Fraction Profiles for H, OH and O in Uninhibited

Methane-air Flames for Three Stoichiometric Ratios...........ccccoevieiiinienieniieieeie e 313

Figure 3—125. Effect of the Location of Perfect Inhibition on Normalized Flame Speed for

Q=0.7, 1.0, and 1.3 (oot 314
Figure 3—126. Variation of Flame Speed for Stepwise Inhibitor Activation or Deactivation for

a Stoichiometric Methane-air MIXtUIE. ........ccovirieriririeninieieneecceseet ettt 315
Figure 4-1. Water Mist Size Histogram and Values of Several Mean Diameters............cccceveveerenenncee 349
Figure 4-2. Lognormal and Rosin-Rammler Expressions Fit to the Water Mist Histogram

Presented i FIUIC 4—1. ....cc.oooiiiiiiieeeecee ettt et e e e b e e ebae e tbeesssaeeabaesssaaans 350
Figure 4-3. Schematic Diagram for Diffraction-based Particle Sizing. .........cccccevoirviiiiniinneniiieeeeeee 352
Figure 4-4. Diagram for 1-D Phase Doppler Interferometry System for Obtaining Size and

Velocity of “Spherical” Aerosol PartiCles. .........cccveviiiiiieeiiieiieciie e 353
Figure 4-5. Schematic Diagram for Imaging-based Particle Sizing...........ccccoevvevvierieiivieevieeneeeeeeeenn 354
Figure 4-6. Predicted Evaporation Times for Water Droplets in Air at the Indicated

Temperature as a Function of Initial Droplet Diameter. .............ccceeceerierienieniieeie e 357
Figure 4-7 Predicted Terminal Settling Velocity for Water Droplets and Sodium Bicarbonate

Particles in AIr @t 20 OC.. ..ottt e 357
Figure 4-8. Relationship of Flame Dimensionality and Modeling CompleXity. .........cccoceerveeriereennennne. 359
Figure 4-9. Representations of Aerosol Suppressed Premixed Flames...........ccceeeeiiviiiiiiiiiieccieeeiens 359
Figure 4-10. Experimental Schematic for Studying the Effects of Aerosols on the Extinction

Strain Rate of Counterflow Non-Premixed Flames. ..........ccccooirieiiiiiiininiieeceeee, 361
Figure 4-11. Schematic of Tsuji Burner and Flame Configuration............cccccccvvevvieieiienieesiieesree e 362
Figure 4-12. Cup Burner Apparatus Modified for Water Mist Suppression Studies. .........cccceeeeererennne 363

Figure 4-13. Schematic of Water Aerosol Generation Methods.. ........cccoeeevinirieninieninieeeeee 364



List of Figures XXVii

Figure 4-14. PDPA-determined Droplet Diameter Histogram 2 mm above the Air Tube Exit
£Or Three Water IMISES. .....c.ceiiiiiiiiiiiiieieietee ettt 364

Figure 4-15. Schematic for Liquid Aerosol Inhibited Burning Velocity Determination in
Premixed FLAmES. .....c.cooiiiiiiiiiiicieecee et 365

Figure 4-16. Predicted Burning Velocity for a Stoichiometric, Premixed, Methane-air Flame
as a Function of Initial Droplet Diameter and Water Mass Loading ...........ccecceeevveiveienieenieennen. 367

Figure 4-17. (a) Image of Premixed Methane-air Flame Stabilized on Burner; (b) Image of
Water Mist (no flame) as it Exits the Burner; (c) Image of Laser-illuminated Water
Mist and Methane-air Flame Showing Disappearance of the Mist at the Flame
BOUNAATY ...eiiiiee et ettt e e e e et e e e et e e sabee e tbeessbee e sseeesbeeensbeeessaeensseeesraaans 367

Figure 4-18. Normalized Burning Velocity Reduction vs. Mass of Added Inhibitor for an
Inhibited Methane-Air Premixed FIame. ...........ccooveiiieiiiniiiiiciicecceeeee e 368

Figure 4-19. Premixed Methane-air Burning Velocity as a Function of Agent Mass Fraction,
Normalized by the Uninhibited Burning VeloCity. ........cccccuviieiiiiiiiiiiieciie e 369

Figure 4-20. Measurements of Water Droplet Diameter and Number Density in a
Stoichiometric Premixed Methane-air Flame as a Function of Height above the
BUIMIET EXIt. .ottt ettt ettt ettt st et sbe ettt sbe e naes 370

Figure 4-21. Multi-phase Predictions of Water Mist Droplet Diameter and Number Density
in a Stoichiometric Premixed Methane-air Flame. ..........ccccooooiiiiiiiiiiininieeeeee, 370

Figure 4-22. Predicted Comparison of the Maximum Flame Temperature, Ty, vs. Flow
Strain Rate, a, for a Dry Flame and for Four Flames with Different Inflow Water
VapOor Partial PrESSUIES. ......cccviieiiiiiiiieiiesieseesteste ettt e eesseestaessaessseesseesseessaessaesseesssesseessses 373

Figure 4-23. Calculated Gas Velocity, Velocities for Varied Water Droplet Diameters, and
Gas Temperature (thick solid line) in a 130 s Methane/air Flame with Droplet
Source Terms tUIMEd “OFE ... ..ottt ettt st e e eene s 375

Figure 4-24. Comparison of U of Gas and Uy of Different Droplet Diameters, with Droplet
Source Terms Turned “off”. ......coooiiiiiiie ettt 376

Figure 4-25. Comparison of Droplet Temperature, Ty, of Different Droplet Diameters, with

Droplet Source Terms Turned “Off”. .......cocveciieiierieeeee e 377
Figure 4-26. Comparison of Flux Fraction Function, F, of Different Droplet Diameters, with

Droplet Source Terms Turned “off”. ........coiiiiiiiiiiiecece e 377
Figure 4-27. Typical S, Profiles of Different Droplet Diameters, with Y, = 0.02 and Droplet

Source Terms Turned “Off” .......oci ittt sttt sbeesaee s 378
Figure 4-28. Typical Sy - Ug,, Profiles of Different Droplet Diameters, with Yo = 0.02 and

Droplet Source Terms Turned “off” ........cciiiiiiiiiiiiiecece e e 379

Figure 4-29. Typical S - h;S,, Profiles of Different Droplet Diameters, with Y, = 0.02 and
Droplet Source Terms Turned “off™” .......oooiiiiiiiiiicceece et e 379

Figure 4-30. Comparison of Ty« vs. Strain Rate for Different Droplet Diameters, with Water
Mass Fraction = 0.01 .......oooiiiiiiiiioieeiiee ettt et et ettt e v e et e e e veeeteeeetneeeteeeearaeans 379

Figure 4-31. Comparison of T,,,x vs. Strain Rate for Different Droplet Diameters, with Water
Mass FTaction = 0.02. ....c..cocueiiiiiiiiinietenieeene ettt sttt sttt sttt ettt 380



XXViii List of Figures

Figure 4-32. Comparison of T,.x vs. strain rate for Different Droplet Diameters, with Water
Mass Fraction = 0.03. ......ooooiiiiiiiieee ettt ettt et et e e et e et e e eeae e e tre e e teeeetreeeareeens 380

Figure 4-33. Comparison of a. vs. Droplet Diameter for Different Droplet Mass Fractions in
the Condensed Phase at INTIOW. ......c..coueoiiiiiiiiiniiccc e 381

Figure 4-34. Comparison of (ys)ext vs. Droplet Diameter for Different Droplet Mass
Fractions in Condensed Phase at INflOW. .......c.cooiiviiiiiiiiciiciccceeeeee e 382

Figure 4-35. Calculated Droplet Trajectory as a Function of Time, for d = 50 pm and Y, =

0.03 . ettt bt b et h ettt h bbbt et b ettt ene 383
Figure 4-36. Apparatus for Aerosol-inhibited, Non-premixed Counterflow Flames. ............ccccceeenence. 384
Figure 4-37. Droplet Diameter Distribution Evolution of a 30, um Mist in a 170 s Strain

RALE FIAIME ...ttt ettt et e st e st e sat e st e eabeebeesbee st e sneeennes 387
Figure 4-38 Droplet Diameter Distribution Evolution of an 18 um Mist in a 170 s™ Strain

Rate Propane/air Counterflow FIame............cccoovvieviiiriiiiieiiecic et 388
Figure 4-39. Profiles of Number Density and Velocity of 30um Droplets vs. Location in a

170 s™' Strain Rate Propane/air/30um Mist Counterflow Flame. .............coovueveueeeeeeeeeeeeeeeenn. 389
Figure 4—40. Profiles of Number Density) and Velocity of 18 um Droplets vs. Location in a

Propane/air/water mist Counterflow Flame. ...........ccoocvevoiiriiiiiiieiieiieee e 389
Figure 4-41. Droplet Flux Profile for a 30pm Mist in a 170 s™" Strain Rate Propane/air Flame. ............. 390

Figure 4-42. Water Mist Effects on the Extinction of Non-premixed, Counterflow
Propane/air Flames: (a) Flame Extinction Strain Rate as a Function of Mass of Water
or Halon 1301 in the Air Flow; (b) Mass Fraction of Water Needed to Extinguish the
Flames as a Function of Droplet Diameter, Compared to Mass of Gas-phase Halon
10 TSP 391

Figure 4-43. Variation of the Predicted Flame Temperature as a Function of the Flow Strain
Rate for Propane-air, Non-premixed Counterflow Flames for Dry Air, Air Saturated
with Water Vapor, and Saturated Air with Monodisperse Water Droplets. .........ccccceevveeveennenne. 393

Figure 4-44. Measured Extinction Strain Rate for Water Mist Suppressed Propane-air, Non-
premixed Counterflow Flames vs. % Mass of Condensed-phase Water in the Air and
Calculated Results for 14 pm, 30 um, and 42 pm Diameter Monodisperse Water
Mists in Saturated Air at 300 K. .....coooiiiiiiii e 394

Figure 445 Calculated Humidification Levels of a 296 K Air Stream Containing 14 um, 30
um, or 42 um droplets, Following a Residence Time of 750 ms Starting in Dry Air,
as a Function of the Mass Fraction of Liquid Water Remaining after Droplet

LAY 0T 1 o) 1 DO USSR 395
Figure 4-46. Schematic of the Non-premixed Counterflow Burner and Calculated

Temperature, O, H, and OH Profiles for the Low Strain Flame. ...........ccccoevveveeviienienienieereenn. 398
Figure 4—47. Powder DeliVery SYSLEIML .....c.ccccviiiirierieiieeieeie ettt eieeriee e seeeseaesaessseesseeseeseesseessnesnsas 399
Figure 4-48. Typical Micrographs of NaHCO; Powder Samples. ........ccccoveeviiriiiiiiiiieeeeeieeeeen 400
Figure 4-49. Typical Micrographs of KHCO3 POWAET. .........cccvvvieciiiiiiiiiiie et 400

Figure 4-50. Extinction Mass Concentration as a Function of Strain Rate for Various Particle
Sizes Ranges of NaHCO; and KHCO; Powders in a Propane/air, Counterflow, Non-
PreMIXed FIAME. ....ooiieiiiiiiiciii et e et e s e et e e seb e e esbbeesaseesabeeessseeesseeesreas 401



List of Figures XXiX

Figure 4-51. Data from Figure 4-50 Plotted to Show Extinction Mass Concentration as a
Function of Particle Size Range for Each Flame Strain Rate and Added Powder....................... 402

Figure 4-52. Extinction Mass Concentration as a Function of (a) Average Particle Diameter
and Average Particle Surface Area for NaHCO; and KHCO; Powders in a Medium

Strain Rate (310 s') Propane/air Counterflow Non-premixed Flame..............cc.cccovurvvrrrrrrreennnns 403
Figure 4-53. Calculated Particle Asymptotic Location as a Function of Particle Diameter for

the Flow Conditions of the Low Strain Propane/air Flame............ccccoeevieviiiiiiiiniieciee e 405
Figure 4-54. Schematic of the Counterflow Flame Apparatus with the Particle Seeder......................... 407

Figure 4-55. % NaHCO; by Mass in air as a Function of Extinction Strain Rate for Different
SiZ€ Groups Of PartiCLes. .....cccviieiiieiiieciie ettt e e ae e sbe e e taeesabeeesbaeessseeseseas 409

Figure 4-56. Numerical Prediction of NaHCO; Mass Fraction as a Function of Extinction
Strain Rate, for Selected PartiCle SIZES. ......coovvvmriiiiiiiiieeeeeeeeeee ettt e e e e e eeaaeeeee e 411

Figure 4-57. Schematic of the Counterflow Burner Configuration with the Water Droplet
ATOIIIIZET. ..ttt ettt ettt ettt ettt b e e bbbt eae e st et e b sh e st e bt she e st e bt et et e ebe et e naes 413

Figure 4-58. (a) Normalized Droplet Diameter Distribution of the Ultrasonic Atomizer as
Reported by the Manufacturer; (b) and (c) Normalized Water Droplet Diameter
Distributions Measured Using a PDPA at the Exit of the Air Nozzle for an Air Flow
Corresponding to Counterflow Strain Rates of 285 s and 160 s, Respectively. .........ccc.......... 415

Figure 4-59. Variation of Water Droplet Mass Fraction in the Condensed Phase as a Function
of Flame Extinction Strain Rate.........ccccoiiiiriiiiiiiiniienirccnccecescctent st 417

Figure 4-60. Droplet Mass Fraction in the Condensed Phase as a Function of Flame
Extinction Strain Rate for Different Mass Loadings of NaOH in Water. .........cc.cceeevevvervenenennen. 418

Figure 4-61. Variation of the Maximum Flame Temperature as a Function of Local Flow
Strain Rate for Constant Droplet Mass Fractions and Constant Water Mass Flux

Figure 4-62. Droplet Mass Fraction as a Function of Extinction Strain Rate of a Methane/air
Non-premixed Flame for Several NaOH Mass Fractions in Water. .........cccccceevveevveeecveeennveennen. 422

Figure 4-63. Y, and Mole Fraction of NaOH in Air as a Function of yn,on for the Extinction
Strain of 125 87 10 FIGUIE 4—62. .....ovveeeeeeeeeeeeeeeeeeeeeeeeeeee e 423

Figure 4-64. Droplet Mass Fraction as a Function of Extinction Strain Rate of a Methane/air
Non-premixed Flame for Several KOH Mass Fractions in Water. ........cccccceeeveeevieenienieeneeneenenns 424

Figure 4-65. Droplet Mass Fraction as a Function of Extinction Strain Rate of a Methane/air
Non-premixed Flame for NaCl and FeCly in Water..........coccveiiiiiieiiieiienieeeeeee e 425

Figure 4-66. Upper panel: Mole Fraction of Alkali Metal Atoms in Air as a Function of Non-
premixed Methane/air Flame Extinction Strain Rate for NaOH and KOH Mass
Fractions of 0.055 shown in Figure 4. Lower panel: Mole Faction of Am in Air as a
Function of Non-premixed Methane/air Flame Extinction Strain Rate for NaOH and
NaCl Mass Fractions of 0.03 Shown in Figure 4-63 and Figure 4-66 (upper panel). ................ 425

Figure 4-67. Square of the Normalized Burning Velocity of a Premixed Flame Inhibited with
Fine Droplets of Water Solution for Several NaOH Mass Fractions in Water. ...........cc..ccceuuenee. 427

Figure 4-68. Normalized Flame Strength of Non-premixed and Premixed Methane/air Flames
Inhibited with Droplets of Water with a Median Diameter of 20 fm. .........coccevevienenenienenenne. 428



XXX List of Figures

Figure 4-69. Non-premixed and Premixed Flame Structures Corresponding to Inhibited

Conditions of Water Droplet Mass Fraction of Yo =0.01. ......cccceevveriiriiirciiniieiiereeree e 429
Figure 4—70. Setup for JP-8 Fire Suppression EXperiments. ...........cceceerierienienieenieenieesieeseesieesiee e 432
Figure 4-71. Blow-off Velocity Ratios for Various Candidate Agents to Air, and Reference

Ratios for Water to Air Measured under the Same Conditions. ........c..ccceeeeveereniesenenienenenne 434
Figure 4-72. Blow-off Velocity Ratios for Various Candidate Agents to Air, and Reference

Ratios for Water to Air Measured under the Same Conditions ...........ccecceeveereeneenienienieeeenne. 434
Figure 4-73. Times for Various Experimental Fire Suppressants to Extinguish a 200 mL JP-8

Pan FITC.. oottt ettt sttt h et b e ettt b et 436
Figure 4-74. Mass of Various Experimental Fire Suppressants to Extinguish a 200 mL JP-8

Pan FITC. ettt ettt ettt h ettt e n et h e et et et ene et e st eneees 437
Figure 4-75. Mass flows for Various Fire Suppressants Deployed during JP-8 Screening

EXPEIIMENLS. .....eiiiieieeiietiette sttt ettt ettt s e et e et et et e e sbeesbeesaeesabesateenbeenbeenseenseesaeesnses 437
Figure 4-76. Droplet Evaporation Time as a Function of Initial Droplet Diameter for Five

FIUIAS. ettt et h et b et she e b e e a et e beeat et b et nas 442
Figure 4-77. Typical Boiling Curve Associated with Quenching of a Hot Surface by Liquid

LD (e] o] 1< £SO SURUPSRRPRR 443
Figure 4-78. Calculated Boiling Curves in the Convective Regime for Five Liquids. ........ccccceeuveennene. 445
Figure 4-79. Calculated Boiling Curves for Five Liquids for the Transition and Film Boiling

REZIMES. ...oiiiiieeiie ettt et e et e e et e e e bt e e st ae e bbeessbeeasseeesssaesssseensseesssaeassseenssenans 447
Figure 4-80. Wind Tunnel Used for Fire Spread Studies. .........cccvevvevierieiieniiiieeie e 449
Figure 4-81. Flame Spread Experiment with Water MISt. ........ccceeierieriinienienieeieereesiee e 450
Figure 4-82. Schematic of the Two-color Planar Pyrometer............cccccoooveviiniiniiieneeeeseeceeeeee e 451
Figure 4-83. Typical Flame Spread Time Trace Obtained using Focal Plane Array Imaging. ................ 452
Figure 4-84. Flame Spread Rates without Water MiSt. .........cccocvvievierienieniecic e 452
Figure 4-85. Flame Spread Rate as a Function of Surface Loading for 3.2 mm Thick PMMA. ............. 454
Figure 4-86. Flame Spread Rate as a Function of Surface Loading for 0.64 cm Thick PMMA.............. 455
Figure 4-87. Mean Droplet Size and Velocity as a Function of Spray Nozzle Discharge Rate............... 456
Figure 4-88. Variation in Normalized Flame Spread with Liquid Loading. ..........c.cceeevvrvierivenieriennnnne, 457
Figure 4-89. Mean Flame Temperature Obtained Using the TCPP. .........ccccoccoviiiiiiiiiiiniininienenee 457
Figure 4-90. Experimental Arrangement for the Measurements. ..........ccceevvereereeereeineesreesreesseesseesseennens 458
Figure 4-91. Configuration of the PieZoelecCtric AtOMIZET. ........cccecvervierierierienreeie e esieeseeseeeseeesenesenes 459
Figure 4-92. Schematic Diagram of the Heater ASSembIly.........ccccoevieriniiiiniiiiniiiiineeeeeee 460
Figure 4-93. Temperature Measurement Locations on the Heater. ............ccccoccvveeeiiiiiiiicieccie e 460
Figure 4-94. Steady State Temperature Field above the Hot Plate. ..........ccccevvvvieiiiiiiiiiciceeeee, 463
Figure 4-95. Change in Sauter Mean Diameter of the Water Droplets with Axial Distance. .................. 464
Figure 4-96. Change in Sauter Mean Diameter of the Droplets with Axial Distance for

2 101 I TSRS 464



List of Figures XXXi

Figure 4-97. Variation in Velocity with Axial Distance for Water Spray........c.ccccceevvevveevreeveeneeneesieenne 465
Figure 4-98. Variation in Velocity with Axial Distance for Fluid 510. ......ccccoocviiniiiiiiniieieee 465

Figure 5-1. Schematic of Laser Induced Breakdown Spectroscopy (LIBS) Measurement

F N o) 012 11U 484
Figure 5-2. Measured Concentrations of Fluorinated Fire Suppressants using LIBS. .......................c..... 484
Figure 5-3. Successive Signal Improvements in the Detection of HF using TDLAS. ..........cceooevveenenne. 487
Figure 5—4. Schematic of TDLAS Apparatus for Measurement of Gases Produced during Fire

Suppression in Ground VERICIes. .........cevviiiciiiiiiiiieieieree ettt ssre s eseesaens 487
Figure 5-5. HF Gas Produced during Suppression of Heptane Pan Fires by HFC-236 with and

without the Addition of Ammonium Polyphosphate)............ccceevvieviierieniieniiciecreeeesee e 489
Figure 5-6. Oxygen Concentration Measured Within the Crew Compartment of a Bradley

Fighting Vehicle During Suppression by C;Fg of a Spark-Initiated JP-8 Spray Fire................... 491
Figure 5-7. FT-IR Spectra of Dry Air Saturated at 294 K with Vapor from Unleaded

gasoline, JP-8, and DF-2........ccccooiiiiiiiieteeecese ettt st ennas 492

Figure 5-8. Schematic Diagram of the Laser Mixing Apparatus Used to Measure Fuel Vapor
COMNCENIALIONS. ..euvivieitiiieitetenteetente ettt st ettt be et e st et estesbeeat e besbeeste bt sbeenbesbeensenaesueensenbeensennens 495

Figure 5-9. Absorption Spectrum of Air Saturated with JP-8, DF-2, or Gasoline Vapor at 294
K Superimposed upon the Emission from the Optical Fiber Carrying the Mixed

Wavelength Laser BEAM. .........cc.ooociiiiiiiiiiie ettt et st sve e s b e eebeesabaeeeaeens 496
Figure 5-10. Concentrations of Gasoline Vapor and Oxygen, Measured as Dry Air Saturated

with JP-8 Vapor Displaces the Dry Airin a 13.7 L Optical Cell.......cccceceniriinininiinniiieeeee. 497
Figure 5-11. Loss of Lighter Hydrocarbons from JP-8 Caused by Repeated Fills of the

Optical Cell Used for Testing the Mixed Laser Fuel Vapor Sensor. .........cccceeveeeiieviiencieeeienens 497
Figure 5-12. Two Laser Interferogram Measured at the Detector for the Second Generation

FUEL VaAPOT SENSOT. ...ttt ettt et e st e st e s e st e eabeebeeebeesseesneesnees 498
Figure 5-13. Experimental Apparatus Used for Fourier Transform Laser Spectroscopy. .........cccceveeenee. 500
Figure 5-14. Absorption of 1.71 um Laser Radiation as Air is Displaced by Air Saturated

with Gasoline Vapor in @ 2 M Cell.........cooieiiiiiieeiiiie ettt sttt ennes 500
Figure 5-15. Schematic of a 10-laser FT-LS Source in the Near Infrared. ...........ccocceevviiiiiienienienenne. 501
Figure 5—16. Schematic of the DIRRACS L......ccocoiiiiiiiieieieciecteee ettt ev e esve e an e 503
Figure 5-17. Schematic of the Optical Design Used in DIRRACS L. .....cccoveiiiviiviieiireeeeeeeeeee 503
Figure 5-18. Absorption Spectrum of HFC-125 Superimposed with the Transmittance

Spectrum for the Bandpass FIIter..........ccuiiiiiiiiiiiiicciecces et 504
Figure 5-19. Schematic of DIRRACS L1 ....ccviiiiiiiiieeeetetesteste ettt ettt s esveesbeessaesaesenes 506
Figure 5-20. Photograph of the DIRRACS II with the Periscope Mounted within the Flow

Channel of the TARPF FaCIlity. .....ccociiiiiiiciiieeeeeecee ettt e s 506

Figure 5-21. Calibration Plot of Average Normalized Peak-to-valley Signals vs. Volume
Fraction Of HFC-125. ...ttt sttt st 508



XXXii List of Figures

Figure 5-22. Normalized Peak-to-valley Signals Resulting from Processing the Raw Signal

from the DIRRACS II for Two Releases of HFC125. ......ccccoiiiiiiiiniiiiiiicieeeee 510
Figure 5-23. HFC-125 Volume Fraction vs. Time for Two Releases of HFC-125 in the

TARPE FaCIILY. ...cuiiiiiiiiiiiieieseeceec ettt sttt s 510
Figure 5-24. Bradley Armored Personnel Carrier Modified for Performing Agent Release and

Fire Suppression STUAIES. .....c.ceiviiiiiieie ettt ettt et e s e st e s te e e ebeeseenseeenees 511
Figure 5-25. Interior of the Bradley Vehicle Showing the Periscope of the DIRRACS II in

the “High” LOCALION. ...cviiiiiiiiiiiciicte ettt et eve b e e e s e e steestaestaeesaessseesseessaesseesssesssensnas 511

Figure 5-26. HFC-125 Volume Fraction and Cylinder Pressure vs. Time at the Upper
Measurement POSILION. ......c..cocuiiiiiirinietenieetee ettt ettt sttt st eaeeae b eene s 512

Figure 5-27. HFC-125 Volume Fractions vs. Time at the High and Low Positions During

TWO DIfferent REICASES. .......ceiuiruiiiiiieiieieit ettt ettt 512
Figure 6—1. Schematic of the Cup Burner Apparatus. ..........cceeeveeeeiireriieeiiieeiee e e e e sreeeereesvee e 523
Figure 6-2. Photographs of a Standard Cup BUIMET. .........cccoeevviiiieiieiieieiee e 523
Figure 6-3. Schematic of Sample NEeDULIZET. ......c.ccciiiiriiiiiiiniieee e 524
Figure 6—4. Heated Cup Burner for Appraising High-boiling Flame Suppressants. ...........cccccecvveenennee. 525
Figure 6-5. Schematic of the DLAFSS Wind Tunnel. .........cccocveoiieiieriieniesie e 526
Figure 6—6. Photograph of the DLAFSS Wind Tunnel...........c.ccccveeiriieniinienie e 527
Figure 6-7. Cut-away View of the DLAFSS Burner INSert. ..........cccceeeiiiiiieiiieeieecieecee e 528
Figure 6-8. Photograph of the DLAFSS Burner ASSembIY..........ccccvevierieriiiiiiieeieeieesreeseesneseresene e 528
Figure 6-9. An Enveloped Flame and a Wake Flame ............cccooovevieiiiniiniineeeeeeeeeeee e 529
Figure 6-10. Schematic of the DLAFSS NebUIZET. ......ccceooiiiiiniiiiiiiiiiieeetee e 531
Figure 6-11. Screening Results for Various Aqueous FIUids. .........ccccocvviiiiiiiiiieciiiiiecee e 533
Figure 6—12. Schematic of Step-stabilized Pool Fire Apparatus. .........cccceevvervenieeieenreesieeseeseesereseneeenes 537
Figure 6—13. Photograph of the TARPE. .......c.ooiiiii et 538
Figure 6-14. Photograph of a Baffle-stabilized Propane Flame in the TARPF..........ccccooviviiiiiiinenns 538
Figure 6-15. Liquid Aerosol Agent Injection SYStEIM. .......c.cccvveviieriierierienieere e e esreesreeseeseresereesreennas 540
Figure 6-16. Schematic Diagram of the SPGG Injection SYStem. ........ccceeeevieririenirieneneeeeeeieeeeeen 541
Figure 6—17. Photograph of TARPF Injection System with Housing Cover Removed. ........c..ccccceene. 541
Figure 6-18. Disruption of a Stabilized Flame by the Injection of Nitrogen Upstream of 25

MM High ODSTACIE. ....ocvieiiiiiiiiicieceee ettt st e s e st e esba e saessaesssesseennnas 543
Figure 6—19. Impact of Air Speed on Extinction of a 25 mm Baffle-stabilized Flame. .........c.ccccccoce. 545

Figure 6-20. Mass and Rate of Nitrogen Addition to Extinguish a 45 mL/s Propane Flame in
3.9 /S AT FLOW .ttt ettt ettt ettt et st e e teeeeeneennens 545

Figure 6-21. Mass and Rate of Nitrogen Addition Required to Extinguish High Flow and
Low Flow Propane/Air Flames Stabilized Behind a 25 mm Step. .......cccevevvevciiieiiiiiiecieeeee 546



List of Figures XXXiii

Figure 6-22. Mass and Rate of Nitrogen Addition Required to Extinguish High Flow and
Low Flow Propane/Air Flames Stabilized Behind a 10 mm Baffle............ccocoooeiininiinnnnnne. 547

Figure 6-23. Mass and Rate of Nitrogen Addition Required to Extinguish High Flow and
Low Flow Propane/Air Flames Stabilized Behind a 55 mm Baffle...........ccoocooiiiniiiininne. 547

Figure 6-24. Impact of Obstacle Height on the Total Mass and Rate of Addition of Nitrogen
Required to Suppress an Obstacle-stabilized Pool Fire. ..........ccocceviiiiiiiiiiiiiieeeeeeeee 548

Figure 6-25. Mole Faction of Suppressants (N, and CF;Br) Added to Air at Extinction
Boundary for High and Low Flow Conditions, as a Function of Injection Time
Interval and ODStacle GEOMELIY. ....ccceevviriieiieieeieerieeseestesre e sreereeseeseestaessaessaessnesnsesnsennses 549

Figure 6-26. Injection interval and Calculated Mass Delivered to Flame as a Function of Area
Ratio Times Total Mass 0f Gas GENerated ..........ccoecvveerievrierierieniesee e ere e esreesreeseresreseresenas 551

Figure 6-27. Percentage of Flames Extinguished as a Function of Mass Delivered to Flame
[0 1B € (G PSRRI 552

Figure 6-28. Impact of Injection Time Interval on the Mass of Agent Required to Suppress a
Step-stabilized Propane POOL Fire. .........ccccoecieriiiciiiiieiieiecseesee ettt s senesane e 553

Figure 6-29. Percentage of Flames Extinguished as a Function of Estimated Mass Fraction of

Figure 6-30. Normalized Volume Fraction as a Function of Non-dimensional Injection
Interval, Comparing N,, CF3Br, and SPGG. ........ccccvvoiiiiiiiiiiiciecieceeeeee e 555

Figure 6-31. Suppression Volume Fraction of Agent (N, or CF;Br) Normalized by Cup
Burner Values as a Function of Injection Time Interval Normalized by Characteristic

RESIACTICE TIIMC. ...cuieieiieiieiieie ettt ettt ettt b ettt b e e et et e bt et e b ebeeeenees 556
Figure 6-32. Schematic of Flash Photolysis Resonance Fluorescence Apparatus for

Measuring Reactivity of Compound with OH Radicals. ..........cccceeeviiieviienciiiiieiiecee e 563
Figure 6-33. Apparatus for Measuring the Absorption Cross Section of Candidate Fire

SUPPTESSANTS. .....eeiutieeite ettt ettt ettt e et e e sttt e st e ettt e ettt e s bee ettt e sabeesbaeesabeesabeeebaeesabeesabeeebeeesabaeenaneas 567
Figure 6-34. Estimated Maximum Boiling Points That Can Achieve Selected Values of

Volume % in Air as a Function of Ambient Temperature. ............cccceevvveveereerieniesre e e 573
Figure 6-35. Comparison of Two Difluorobromopropene Log(Kow) Calculation Methods.................... 587
Figure 6-36. Comparison of Two Trifluorobromopropene Log(Kow) Calculation Methods................... 588
Figure 6-37. Hypothetical Time Dependence of a Toxic Response to Exposure to a Fire

N0 o) 01 (T T L TSRS 590
Figure 6-38. Monte Carlo Simulations of Humans Exposed to Halon 1301...........ccceoceeviiniinienieninee. 593
Figure 6-39. Monte Carlo Simulations of Humans Exposed to HFC-125. .........ccccoeeoiiiiiiiiiieeieecee e 593
Figure 7—1. Groups and Elements StUdied............cccveriirieriiiriieiieiteeeeeree et snne s 626
FAigure 7—2. RESOICINOL. .....cccuiiiiiiiiiiieciee ettt ettt e e e st e et e e e bt e estbeessbaeestseessseessseeenssaesnseeennns 635
Figure 7-3. VInyl PROSPRONALES. .....ccviiiiiiiiiiiiierieesite sttt ettt eteeteesreestaestaessvessbeesbeesseesssessnensnas 636
Figure 7—4. Example of a Fluoro-substituted Bis(dimethylamino) Cyclotriphosphonitrile. .................... 637

Figure 7-5. Tris(hydroxymethyl)propane Bicyclic Phosphite.............ccocveiiiniiniiniiiiiceeeeeeee 644



XXXV List of Figures

Figure 7—6. Relative Contributions of Liquid Heating, Vaporization, and Gas Heating to 1400

K to the Total Heat Absorbed by Various Thermal Agents. ...........ccoeevveveeriiereeneervenieneereeeenes 652
Figure 7-7. Air Velocities at Extinguishment of the DLAFFS Flame as a Function of Liquid
Application Rate for Lactic Acid/Water MIXtUIES. .......c.eevereririerieeieierie et 653

Figure 7-8. Air Velocities at Extinguishment of the DLAFFS Flame as a Function of Liquid
Application Rate for HFE-7100. ........cccccoiiiiiriiiitiieeieeieestesee ettt sttt 654

Figure 7-9. Maximum Flame Temperatures as a Function of the Equal Fuel and Air Velocity
Magnitudes for a Methane/Air Opposed-Flow Diffusion Flame for Three Versions of

the GRI-Mech MECRANISIIL. ......oouiiiiiiiiiiiii ettt 656
Figure 7-10. Groups Required for Significant Tropospheric Photodissociation. ............ccceeeeveeeveeennennee. 662
Figure 7—11. Formation of a Six-membered Ring Transition State. ...........ccccceverriereriereneeieneeeeeeeen 670
Figure 7—12. Structural and Optical Isomerism of Bromopentafluoropropene Oxide............cccerverenene.. 694
Figure 7-13. Vertical Profiles of CF;l Emissions for Fuel Tank Inerting in Military Aircraft ................ 699
Figure 8—1. Schematic of Storage and Distribution System for Fire Suppression............cceeeverevervennennne. 723
Figure 8-2. Staggered Mesh Numerical Method. .........c.cooiiiiiiiiiiiiieeeeeee e 737
Figure 8-3. Curve Fit for Henry’s CONSANt. ..........cccuiiiiiiiiiiiiiieciee et eieeesree et e seveesveeeseneesereeenes 746
Figure 8—4. Effect of Release Coefficient on Calculated Pressure Response. ..........coeceveveeiienieeeenienene. 746
Figure 8-5. Comparison of Calculated and Measured Bottle Pressure for Test. .......ccccceceverenienenencee 748
Figure 8—6. Void Fraction Responses in Lower Portion of Bottle............cccoeeviiiiiiiiciiiiiecie e 749
Figure 8-7. 90° Tee Model with Crossflow JUNCHION. ........cceoirieiiirieieieeeeeee e 751
Figure 8—8. Tee Model with Normal JUNCHOMNS. .....cc.cevuiriiriiriiiieiine et 752
Figure 8-9. Schematic of Test Facility: Source Vessel, Discharge Piping, and Collection

VBSSCL ettt ettt ettt ettt s h et s h st eae et bt naes 754
Figure 8-10. Schematic of Source Vessel Showing Mass Inventory Measurement.............ccocevverveennenee. 755
Figure 8-11. Pressure vs. Temperature Saturation Curve for HFC-227ea and

HE G125, ettt ettt b ettt ettt b ettt 756
Figure 8—12. Schematic of @ Marotta ValVe. .........ccooiiiiiiiieeie e 757
Figure 8-13. Top View of Test Facility; Schematic of Discharge Piping System. ..........cccccceveververnennee. 757
Figure 8—14. Schematic of Pressure Fittings for Temperature and Pressure Ports. ..........cccceceevenencennene. 758
Figure 8—15. Schematic of Rack Used to Hold the Source Vessel. ........cceceiiiirieiinieiireeeeceee 759
Figure 8-16. Picture of Test Facility: Source Vessel, Discharge Piping, Collection Vessel,

Support Structure and INStrUMENTATION .......ooueriiriirieriinieteeet ettt 760
Figure 8—17. Pressure Traces for Experimental RUn #5. ........cccooiiiiiiiiiiiiiieeeeeeeee e 761
Figure 8—18. Repeatability of the Source Vessel Pressure Traces. ......ccooveeererieiieneniereneecee e 762
Figure 8-19. Schematic of Alternate Piping Configuration #1.........cccccevvvevieriencienrieeieeniereesee e 763

Figure 8-20. Schematic of Alternate Piping Configuration #2...........cccceeeviiieiiieeciiienieeciee e 763



List of Figures XXXV
Figure 8-21. Transient Pressure Drop across a 90° Elbow from Run #9...........cccccoevvivviiviivieieeeeieene, 764
Figure 8-22. Diagram of Transducer Setup for Mass Inventory Measurement............ccccceceeceerierueeneennene 765
Figure 8-23. Transient Mass Inventory of RUN #5. ........ccooiiiiiiiiiiiieceeetee e 766
Figure 8-24. Schematic of Thermocouple CONStrUCHION. .......c.cccveevrieriierieiieereeieesteeseesreereereesreesseeses 767
Figure 8-25. Transient Temperature Trace from Film Thermocouples of Run #5..........ccccoeceevininnnene. 768
Figure 8-26. Transient Temperature Trace from Shielded Thermocouples of Run #5. .............ccceeeee. 769
Figure 8-27. Schematic of Capacitance Probe for Bench Setup. .........cccoeiieviieeciiiiniiecee e, 770
Figure 8-28. Bench Setup to Test Capacitance SENSOT.......c..cvviereerieerierrenreereereesseesseesseessnessnesssesssessnes 771
Figure 8-29. Void Fraction from Bench Tests of Capacitance Sensor. ........c.cceceevereriereneeieneneeeenenn 771
Figure 8-30. Schematic of Capacitance Probe for Test FaCility......c.cccccuviviieiiieeciieciieciee e 772
Figure 8-31. Cross-section of Capacitance Setup Showing Electrical Field........c...ccccocvevvievienieniennnnne. 772
Figure 8-32. Transient Void Fraction of RUN #5..........cccooiiiiiiiiiiieceeeeeesee e 773
Figure 8-33. Cumulative Mass as a Function of Time for Runs #1 and #8...........cccccocevininninnninineene 779
Figure 8-34. Pressure Drops across Top and Bottom Branch Tees from Run #13. ..........c.cccveeeieeennnne. 781
Figure 8-35. Comparison of Temperature Traces in the Collection Vessel from Runs #5 and

FFLO. oottt ettt ettt e et e st e b et e e n b e st e s e et e st enbe s e entenbeeteens e seensenseeneensennes 782
Figure 8-36. Void Fraction Measurements from RUn #5. .........cccoooiiiiiiiiiiiiiieecee e 782
Figure 8-37. Void Fraction Measurements from Run #16. ........c.ccccoeveviiiiniiiieiiieniie e 783
Figure 8-38. Pressure Traces from RUN #5..........cooiiiiiiiiiiiei ettt 784
Figure 8-39. Pressure Traces from RUN #16...........cooiiiiiiiiiiiiicccec ettt 784
Figure 8-40. Mass Inventory in the Source Vessel from Run #18. .........cccccoeviiviiiiviiiiiieviceeeeeeeeen, 785
Figure 8—41. Temperature Traces at Various Positions from Run #18..........ccoocoeiiiiiiiiininiiiieee 785
Figure 8-42. Void Fraction Measurements from Run #19. ..........ccccooviiiiiiiiiiiiniiec e 786
Figure 8—43. NIST TeSt APPATALUS. ...cccveeererieerieeiiieeiieeeetteeeteeeiteeesteeesreeesseeessseesssesessseesssessssseesssessssesennes 787
Figure 8—44. Piping Configurations for NIST EXPEriments. ..........cccceeevveerciireriieerieeeiieenreesieeeeeeeeveeenes 788
Figure 8—45. FSP INPUE MOEL.......oouiiiiiiiiiieiiie ettt st st 789
Figure 8—46. Comparison of Calculated and Measured Bottle Pressure for B-59..........cccoeeeviiviieennnn. 790
Figure 8-47. Comparison of Calculated and Measured Bottle Pressure for B-68. ..........ccccoverieviennnne. 790
Figure 8-48. Comparison of Calculated and Measured Bottle Pressure for B-61...........ccoccoviniiiinennee. 791
Figure 8—49. Comparison of Calculated and Measured Bottle Pressure for B-60............cccccoeniivenence. 791
Figure 8-50. Comparison of Experimental and Predictive Source Vessel Pressure Data in

Sensitivity Study on Critical Radius Value for Conditions of Run #4. ..........ccoccoiiiiiininnnnen, 793
Figure 8-51. Comparison of Experimental and Predictive Source Vessel Pressure Data in

Sensitivity Study on Gas Release Rate Value for Conditions of

RUN B ettt ettt et e et e et e et e st et e saeentebeeeeeneeeneeneenseeneensenees 793



XXXVi List of Figures

Figure 8-52. Comparison of Experimental and Predictive Void Fraction Data in Sensitivity

Study on Gas Release Rate Value for Conditions of Run #4..........ccccevvvvveiiiciienienienienie e 794
Figure 8-53. Comparison of Experimental (in black) and Predictive Pressure Data Using

Final Values for Code Operating Parameters for Conditions of Run #4. ..........ccccevvevvveevennennn. 795
Figure 8-54. Comparison of Experimental (in black) and Predictive Void Fraction Data

Using Final Values for Code Operating Parameters for Conditions of Run #4............c..ccceueee. 793
Figure 8-55. Comparison of Cumulative Mass for Experimental Run #5 and Predictive

ComPULET COAE DALA......ccuvieeiieiiciiciieeecte ettt et resre b e e b e esbeesseesteessaessseesseesseesseesssensnas 796
Figure 8-56. Comparison of Void Fraction for Experimental Run #5 and Predictive Computer

C00E DIALA ...oeiiiiiiiecte ettt st s be ettt ettt et saeeane b 797
Figure 8-57. Comparison of Source Vessel Pressure for Experimental Run #5 and Predictive

ComPULET COAE DALA......ccuveeeiieiieiieiieee ettt ettt ste e et eebeesseessaessaessseanseenseesseesssenssas 798
Figure 8-58. Comparison of Pipe Position #1 Pressure for Experimental Run #5 and

Predictive Computer Code Data .........cceeeeiiiiiiieiiiieiie ettt ettt e s e e eveeeeae e s raeeeneessseeens 798
Figure 8-59. Comparison of Pipe Position #2 Pressure for Experimental Run #5 and

Predictive Computer Code Data ..........cceoviiiiiiiiiiieie ettt 799
Figure 8-60. Comparison of Pipe Position #3 Pressure for Experimental Run #5 and

Predictive Computer Code Data ..........ccievieiiiiieciicie ettt ere e ea e aaesenas 799
Figure 8-61. Comparison of Collection Vessel Pressure for Experimental Run #5 and

Predictive Computer Code Data .........cc.eeeeviieiiieiiieeiie ettt ettt et e e e ete e e eae e sbeeeaaeeessee e 800
Figure 8-62. Comparison of Pressure Drop across a Capped Tee for Experimental Run #9

and Predictive Computer Code Data.........c.cecuvecvieciieriieriieiiesie e eie e eie et eiee e seaessnesenesnseenses 801
Figure 8—63. Comparison of Pressure Drop across a 90° Elbow for Experimental Run #9 and

Predictive Computer Code Data .........cc.eeeiiieiiieiiiieieeciee ettt e reeeteeeseaeesveeeeaeessbeeens 801
Figure 8-64. Comparison of Pressure Drop across a Union for Experimental Run #9 and

Predictive Computer Code Data ..........cceveiieiiiriiienieieeteicee ettt 802
Figure 8-65. Comparison of Source Vessel Fluid Temperature for Experimental Run #16 and

Predictive Computer Code Data. .........cccueviiiiiiieiieeieeie ettt sre et tee s nesereeenas 803
Figure 8—66. Comparison of Pipe Position #1 Fluid Temperature for Experimental Run #16

and Predictive Computer Code Data.........c.coeeviirerieniniiiinieeteieieee ettt 803
Figure 8—67. Comparison of Collection Vessel Gas Temperature for Experimental Run #16

and Predictive Computer Code Data.........c.cecvvecuieriieriieniieiiecie e eieeieeie et seesnessnesssesnseenses 804
Figure 8—68. Zone A of the TeSt SECHION. ..c.eruiiiiriiriiiiiiet ettt 806
Figure 8—69. Clutter Recovery vs. AIrSPEEd. ......cccuiiieiiiiiiieiiieeciieeeiee et e etee s e sreeeaaeesebeeereeeneas 808
Figure 8—70. Plenum Recovery vS. AIrSPEEA. ......ccueiriieeeieiiiieiiieeiieeeieeeieeeiteesreesireesereesseesseseesnseeennes 808
Figure 8—71. Heated Cylinder TeSt SECLION. .....c.eevvirieeieeiieieeseeseeseesresreereeseeseesseessaessaessnesssesseessses 809
Figure 8—72. Heated Cylinder. (A) Schematic and (B) Front VIew. .........ccccoovieeeiiiiiiiiiieeie e 810
Figure 8-73. Body-centered Cube Of SPhEres. ........ccovveiierieiiiiiieiieieeitesee e ere e 811

Figure 8—74. Photographs of Seed/droplet-laden Flow Fields around Obstacles. ...........ccocceverereeneennene. 812



List of Figures XXXVii

Figure 8-75. Variation of the Mean Streamwise and Cross-stream Velocities with

Downstream Distance for the Unheated Cylinder. .........c..ccovveierieniinienieiie e 813
Figure 8-76. Variation of the Mean Streamwise and Cross-stream Velocities with

Downstream Distance for the Body-centered Cube of Spheres.........cccevevvviiicieiiiecieeeeeeenne, 814
Figure 8-77. View and Schematic of the Experimental Arrangement with the Laser from the

Phase Doppler Interferometry SYStEIM. .......cevviiiuieriiiiieiieieeeeeeee et 816
Figure 8—78. Schematic of the Measurement Grid around the Cylinder. ...........cccoceevvieiiieecii e, 816

Figure 8-79. Variation of Water Droplet (A) Sauter Mean Diameter and (B) Mean
Streamwise Velocity with Streamwise Position at Different Cross-stream Positions
for the Unheated CyIINAET. ........eiocviiiiiieiiieeie ettt et et e e stb e e ssbeeeaeaeesereeenes 818

Figure 8-80. Variation of the Streamwise Velocity with Time upstream of the Unheated
Cylinder at Z =—15 mm and along the Centerline...........c.cceeereriereniniieninieeecee e 818

Figure 8-81. Variation of the Streamwise Velocity with Time at Two Streamwise Positions
of (A) Z =25 mm and (B) Z = 76 mm along the Centerline, downstream of the

Unheated Cylinder within the Recirculation Region. ..........cccceveveviiriiniienieneenieeieeie e 819
Figure 8-82. Variation of Water Droplet (A) Sauter Mean Diameter and (B) Mean

Streamwise Velocity for the Unheated (22 °C)and Heated (150 °C) Cylinders.......c...cccceevuuenneen. 820
Figure 8-83. Comparison of the Droplet Mean Size and Streamwise Velocity for the Three

g 4] 11U 820
Figure 8—84. USNA Wind Tunnel SChematiC. .........cceeecuiiiiiiiiiiieie ittt 822
Figure 8-85. Low-speed, High-turbulence, Open Jet USNA Wind Tunnel. .......c.ccccoevvvevienienrenrennenne. 822
Figure 8-86. Photograph of the Wire Bundle Model..........c.cccoveiieiieiieniiniee e 824
Figure 8-87. Photograph of the Tandem Medium Cylinder Model............cccoocevvviiiiiiiiinninnieieeieeeee, 824
Figure 8—88. Photograph of the Cube Model...........cccviiiiiiiiiiiiicce e 825
Figure 8-89. Strouhal Number vs. Reynolds Number for the Various Tested Configurations. ............... 828
Figure 8-90. Schematic of the Test Fixture (ELEFANT)......ccccociiiiiiiieieieeee ettt 830
Figure 8-91. Absorption Spectrum Of CFil. .......ccoiiiiiiiiiiiieceecs e e e 833
Figure 8-92. Calibration Curve at 300 NIML .......c..ccvevieiierierreicreereereereesreesreeseeesreseressneesseesseesseessessns 834
Figure 8-93. Variation of Bottle Pressure during Discharge at Room and Cold Temperatures............... 834
Figure 8-94. CF;l Concentration Profiles at the Forward Port............ccoocuviiiniiiiiiiiiieeeeeeee, 836
Figure 8-95. CF;l Concentration Profiles at the Aft POrt..........cccvevvieiieiiiiiiciicieeeee e 836
Figure 8-96. Calculated Liquid Fraction as a Function of Bottle Temperature. ..........cccccoceeceerenireenene. 838
Figure 8-97. Photograph of the Quarter-Scale Nacelle Test Facility with LDV apparatus..................... 848
Figure 8-98. Measurement Stations in the Quarter-Scale Nacelle. .........ccccovveeiieiciieiiiiiciiecie e 848
Figure 8-99. VULCAN Gridding for the Quarter-Scale Nacelle. .........cccceeeveriiicieevieenienieeeieseesveen. 850
Figure 8—100. Section of the CFD-ACE Grid Used in the Simulation. ..........ccocceeeverieninnenenieeneneee 851
Figure 8—101. Inlet VEloCIty Profile. .......ccuiiiiiiiiiiiii ettt e 851

Figure 8—102. Inlet Turbulence Intensity Profile...........ccoooiiiiieiiiiieeeee e 852



XXXViii List of Figures

Figure 8-103. Velocity and Turbulence Intensity Profiles at Measurement Station 4. ............ccecevenee 852
Figure 8—104. Velocity and Turbulence Intensity Profiles at Mid-nacelle. ..........cccccevirienenencencncenene 853
Figure 8-105. Comparison of Simulation and Experimental Data at the Exit Cone. ...........cccceerueenennne. 853
Figure 8-106. Velocity and Turbulence Intensity Profiles Flow in the Exit Pipe. .......ccccoceiininienenncn. 854

Figure 8—107. Ray Tracing Image of Case Al before Agent Injection and 0.2 s after Injection
of 10% HFC-125 Images of Case A3 and A5 before Agent Injection...........ceceveveevencncenennens 856

Figure 8-108. Centerline Contour Plots Showing (from top to bottom) the Temperature,
Oxygen Mass Fraction, Fuel Mass Fraction and the Computational Grid for Case Al. ............. 857

Figure 8-109. (a) Evolution of the Maximum Fluid Cell Temperature in the Domain for Case
A1l for Various HFC-125 Mole Fractions. (b) Suppression Times as a Function of
Added HFC-125 for Cases Al, A3 and AS5. (c) Mass Fraction and Temperature
Evolution in the Recirculation Zone (8§ mm above pool and 8 mm behind step) for
Case Al with 10 % HFC-125 by Volume Injected at 5 s. ...ccooceevirieiieniniiieniiicenceeceeeeen 858

Figure 8-110. Centerline Contour Plots of Temperature and HFC-125 Mass Fraction at 0.1 s
and 0.2 s after Suppressant Injection for Case Al with 0.1 HFC-125 Mole Fraction

IIJECEEA. .ttt ettt ettt sttt et ettt ettt e sh e e eat e et e e abe e be e be e neesaeeentes 859
Figure 8—111. Centerline Pressure Contours and Velocity Vectors for Cases Al, A3 and A5

Prior to SUPPressant INJECTION .......ccuvevieeiierieiieteeteeteesee e seeebeebeebeebe e seestaessaesssesssessseesseanns 860
Figure 8-112. Raytracing images of Cases Bl and B2..........ccccoovvevieviiniiniieiceeeeeereecee e 862

Figure 8-113. (a) Temporal Evolution of HFC-125 Mass Fraction in the Recirculation Zone
at a Point 0.012 m above the Lower Surface and 0.05 m behind the Rib along the
Centerline. (b) Suppression Times as a Function of HFC-125 Mole Fraction for Cases

B1, B2, C1, aNd C2. .ottt sttt ettt sb e aesae s e sbeeeaenseeseesseseeneensennas 862
Figure 8—114. Locations of the Suppressant Nozzles and the Pools in the Nacelle Simulator................. 863
Figure 8—115. Contour Plots of C,HF5 at 3.0 s after Start of Suppression Injection in Vertical

Planes near Starboard Side near Nacelle Centerline and near Port Side..........cccocceevverieniennnnne. 864
Figure 8—116. Simulation Results of Various Injection Periods...........cccceeevvriviiiniieiciieciie e 866
Figure 8—117. Simulation Results Showing the Effect of Nozzles on Agent Distribution. ...................... 867
Figure 8—118. Simulated Agent Distribution along the Nacelle Centerline. ..........c.ccocevenireeenenenceennnne. 867
Figure 8-119. Ground Test Nacelle ‘Iron Bird” SImulator.............ccoeceevieniininiiieieeeececeee e 873
Figure 8-120. Drawing of Front Face of Ground Test Nacelle. ..........ccccvveeiieiievienienieniecee e 874
Figure 8-121. Transient Bottle Pressure during Discharge for Various Initial Pressures with

Nozzles Discharging a Total of 3.2 kg of HFC-125. ....cooiiiiiiiieeeeeeeeee e 880
Figure 8—122. Nacelle Configuration Used in FDS Simulations. ...........ccccceeeviieeciieeniieciee e 883
Figure 8-123. Nacelle Configuration Used in FPM Simulations. ...........cccccveevievieenieniennenre e 883
Figure 8-124. Results of Tests with All Nozzles USed. .......cccvvvevieiieiieriieiierie e 887
Figure 8—125. Results of Tests with One Nozzle Capped. .......cccvveeviieriieeiieeieeciee et 888
Figure 8—126. Extinguishment of Heptane Pool Fires by Uncharged Water Mist. .........ccocceiviieienenncne 892

Figure 8—127. Schematic Sketch of Fire Test Chamber ..........ccccooivoieriiieiininereeeeeeeee e 895



List of Figures XXXiX

Figure 8-128. Electron Induction EIECtrode. ........cccuevuiiiiiiiiiiieiieieierteste e sre e sene e 895
Figure 8—129. Attraction of Charged Droplets to Grounded Metal Screen. ........cccceceevevieiienenienenennnene 896
Figure 8-130. Motion of Charged Droplets near Fires. ..........cceoierierienienieiieeieeieeeeseesee e 898
Figure 8-131. 7N Seven Hollow Cone NOZZIEe SEtUP........cceevvieriieriieriieiierieeee e ere e ereesreeieeseresenesenas 899
Figure 8—132. Spray Charging Set-UP........cceeiierierierieeiierieeteeieesieesseesseesseeseressesssessseesseessessssesssesssessses 900
Figure 8—133. Effect of Center Nozzle Size on 7N Nozzles Water FIUX........ccccoecevininneniniencncnennn 901
Figure 8-134. Effect of Electrical Charging on Water Flux Distribution of the 7N Nozzles

with the 0.063 L/min Center NOZZIE. .......c.coeiiiiiuiiieieee et 902
Figure 8—135. Initial Data on Effect of Electrical Charging for a 10 cm Diameter Heptane

POOL FIT@. ...ttt ettt ettt sttt st b e et be bt et 903
Figure 8-136. All Electrical Charging Data for a 10 cm Diameter Heptane Pool Fire. .........ccccooeeeeeie. 904
Figure 8—137. Schematic of Single Nozzle Electron Emission Electrode. ..........cccocevinieiininiencncenene 905
Figure 8—138. Effect of Electrical Charging on Extinguishment for a 5 cm Diameter Heptane

POOL FIT@. ...ttt ettt ettt ettt sttt ettt st ebe bttt 906
Figure 8-139. AeroChem 5 cm and 10 cm and NMERI 5 cm Heptane Extinguishment Data................. 907
Figure 8-140. Experimental Setup for Testing the Relative Effectiveness of Fire

EXTINGUISHING AENLS. ..c.utiiiiiiiieiieeiie et eeieeete e et e eteeestteeebeeestbeeseseeetaeessseeessseesseessseeessseesssenans 911
Figure 8—141. Experimental Setup for Testing Agents Against an Obstructed Flame. ...........c.ccccceeeeie. 912
Figure 8-142. Extinction of a Candle Flame by COa. ....oovuviviiiiiiiieiieieceeeee e 914
Figure 8—-143. Extinction of a Candle Flame by Halon 1211. ........cccooooiiiiiiiiiieceeeeee e 914
Figure 9—1. Typical Powder Panel Arrangements. .........c.cccvevueereereerienienieereeieeieesseessaesseesseessnesssesnnes 928
Figure 9-2. Experimental Test Device and Powder Collection Methods. ...........ccoevievieniiiiineiieiieienee. 935
Figure 9-3. AVSF Range A Light-as GUN.........cccccciiiiiiiiiiiiiiiieeciee ettt etesetee e e aeeeseveesreeeeaeeenes 936
Figure 9—4. Test Example of Significant Panel Fracture and Material Loss. ........cccccervrieienvnieneieeee 941
Figure 9-5. Test Example of Effective Powder Release and Dispersion...........ccocevceevvieeiienieenieeniceneenne. 941
Figure 9-6. Effect on Powder Panel Fracture Area of Standard Design Features and Enhanced

LD 1 F e s U USRPPSRPR 942
Figure 9-7. Effect on Powder Delivery of Standard Design Features and Enhanced Designs................. 943
Figure 9-8. Effect on Powder Dispersion of Standard Design Features and Enhanced

DIESIENIS. ...ttt eiee ettt ettt e et e et e et e ettt e e bee ettt e esb e e atae e nbaeannae et aee e bee e nbeeenbeeetaeennsaeanteeenreeans 943
Figure 9—9. JTCG/AS TESt ATLICLE. ....vvecvieiieiieiiesiie ettt ettt ettt seaesnsessbeesseesseesaesseessnennses 946
Figure 9—10. Schematic of the FAA Test ATtICIC. .....coouiririiniiiiiiieieeeeeteeetee e 946
Figure 9—11. Enhanced Powder Panel Fire Mitigation Capability. .......cccccccuevviieriieicieeniiesiee e 947

Figure 9-12. Comparison of Commercial and Enhanced Powder Panel Agent Release in
JTCG/AS Dry Bay Fire ExtinguiShing TeStiNg. .........cccccververiiriiinieeiierieneeseesvesveeseeseeseenens 948



xl

List of Figures

Figure 9-13. Entire Contents of Enhanced Powder Panel Released During FAA Test in

Which the Fire Was Prevented. .........cocooiiioiriiieieeeeeeee et 948
Figure 9—14. Enhanced Powder Panel Mass RedUCtion.............ccceeriiiiiniieiiienieereeseeee e 952
Figure 9—15. Enhanced Powder Panel Thickness REAUCHION. ........cccvecviriiiiiinieniecic e 953
Figure 9—16. Comparison of Enhanced and Commercial Panel Powder Released...........c.cccocevcienenenne. 953
Figure 9—17. Comparison of Enhanced and Commercial Panel Percent Powder Released...................... 954
Figure 9-18. Comparison of Enhanced and Commercial Panel Front Face Area Removal. .................... 954
Figure 9—19. Range 2 at the WPAFB Aecrospace Vehicle Survivability Facility. ........cccocceevvervenrennennnn. 956
Figure 9—20. TSt ATHCIE. ...iovieriieiieeiicieeieeeeee ettt ettt ettt e esss e seseesse e saessaesbeesseeseenssennsas 956
Figure 9-21. Schematic 0f TeSt ATtICIE ....c.eeiiiviiiiieiciie et e e et ebae e ereeenes 957
Figure 9-22. Test Article Setup in RaNGE 2..........cccveiiiiiiiiiiieeeeeteie et s 958
Figure 9-23. 12.7 mm API Type B-32 Projectile DeSCription. ...........cceeevvrvieerieereereeniesreeieereeieeseneens 959
Figure 9-24. Post-Test Damage Image of EPP-03 Commercial Powder Panel.............c.ccoccoviniininnin. 961
Figure 9-25. Post-Test Damage Image of EPP-04 Enhanced Powder Panel..............cccooovviviieiiiennnnnn, 962
Figure 9-26. Post-Test Damage Image of EPP-05 Enhanced Powder Panel.............ccccoccoviniiiininnnenn. 963
Figure 9-27. Powder Suspension in the Dry Bay Well After the Test. .......ccccoveviienininiininenicncccenn 964
Figure 9-28. Powder Dispersion on Striker Plate and Side Lexan Panel. ...........ccccoooviiiiiiiiiiiinieecnien, 964
Figure 9-29. Post-Test Damage Image of EPP-06 Enhanced Powder Panel............ccccccoeeveevieiiereennenne. 965
Figure 9-30. Post-Test Damage Image of EPP-07 Enhanced Powder Panel..............ccoccoviiiiiininnnenn. 965
Figure 9-31. Post-Test Damage Image of EPP-08 Enhanced Powder Panel..............ccccooovviiiiiiinecnnnnn, 963
Figure 9-32. Powder Evident in Dry Bay More Than 5 min after EPP-09 Test. ......cccoocceivniiienenennne 967
Figure 9-33. Post-Test Damage Image of EPP-09 Enhanced Powder Panel..............cccccoviniininnnnnene. 967
Figure 9-34. NAWS-China Lake Propellant Burn Rate Apparatus...........cccveevenenieneneenienenieneneeens 978
Figure 9-35. Aerojet Fire Test FIXture (FTF).....ccoioiiiiiiieeece et e 979
Figure 9-36. Photograph of Fire Test FIXtUIE.......cccccciiiiiiiiiiie ettt 979
Figure 9-37. FTF Test Facility SChematic........ccccoceeiiiiiriiiiniiieineeee ettt 980
Figure 9-38. Fire Test Fixture Operational Configurations............ccceeeevererirerciieeieeesreesreeeseeeesveeeeeeenens 981
Figure 9-39. Aerojet Slow Discharge Solid Propellant Gas Generator Test Unit........cccoceevveevreerveennnne. 983
Figure 9-40. Cutaway of Aerojet Slow Discharge Solid Propellant Gas Generator Test Unit. ............... 984
Figure 9-41. Aerojet Reusable Rapid Discharge Solid Propellant Fire Extinguisher Unit. ..................... 985
Figure 9-42. Arrangement of a Typical Hybrid Fire EXtinguiSher. ..........ccccovoieiiiiiiiiinieeee e 985
Figure 9-43. Consecutive Frames during SPGG Suppression of a Fire in the FTF. ........ccoccociinininn. 986
Figure 9-44. SPGG Installed in Sponson Test Article for Live-fire Demonstration. ..........ccccceceeverenncene 987
Figure 9—45. SPGGs Installed in Mid-wing Test Article for Live-fire Demonstration. .............ccceeeuveene. 987

Figure 9—46.

Typical Setup of Preliminary Vise Shot for Hybrid Extinguisher............c.ccoccovieiinrncnneene



List of Figures xli

Figure 9—47. Chamber Pressure for Different Propellant Surface Areas (CA-04). ....ccceevvvevvvevrvevvernnennen. 990
Figure 9-48. Housing Temperatures for Different Propellant Surface Areas (CA-04). ....cccecevereeeennene. 990
Figure 9-49. High-nitrogen Fuels Used in China Lake/Aerojet Propellant Development. ...................... 993
Figure 9—50. Synthetic ROUtE t0 BTATZ.....ccoviiiiiiiiicieciecteee ettt ettt st seve v e e e esvaeseesnesenes 995
Figure 9-51. Temperature Dependence of Propellant Burn Rates for Different

FS01-40/additive COMDBINATIONS. ........eeiuieriieriierieeie ettt erite st esite et eteete e bt e saeesnaeeneeebeenseenees 998
Figure 9-52. Effect of Coolant Percentage on Burning Rate (in./s) and Adiabatic Temperature

of High Nitrogen Propellants Listed in Table 9—18...........cccccvviiiiiiiviienieieieiecee e 999
Figure 9-53. Representative SPGG Pressure-time Curve Obtained during Delivery of

Candidate Chemically ACtIVE AGENLS. .....ceeeviieriieiiiiieiiieeeeeeteeereeeieeesreeesteeesabeessreeesseessseeas 1004
Figure 9—54. Representative P-t Curve for SPGG Chamber Pressure. ........oovovvevvevveeviecieeciieieenieeniens 1009
Figure 9-55. Representative P-t Curve for Fire Test Fixture Pressure before, during, and after

SPGG dISCRATEE. ...ttt ettt st et sttt sb et sbe st e b nas 1009
Figure 9-56. Threshold Mass of Inert Propellant Plus Potassium Compound for Suppression

T EHE FTF ettt ettt ettt sttt ettt e b et e e 1010
Figure 9-57. Schematic of Hybrid Extinguisher Workhorse Hardware Configuration.............cc.c..c..... 1012
Figure 9-58. Mounting Configuration of Multiple Hybrid Extinguishers Used to Bracket

THIEShOIAd LEVEIS. ....eeiiieiieeee ettt ettt ettt e et aeeeeeneeaeas 1012
Figure 9-59. Effectiveness of Various Hybrid Extinguisher Propellant/fluid Combinations................. 1017
Figure 9-60. Relative Effectiveness of Various SPGG Fire Extinguishers over the Span of the

INGP RESCAICH. ...ttt ettt ettt ettt e te st e et e e st e st e neeeneenseeees 1020
Figure 9—61. Evolution of SPGG Fire Suppression Application Technologies............ccoeevvvevirererrreennenne 1020

Figure 10-1. Typical Cargo Aircraft Engine Nacelle Fire Protection System Location (Wing

Leading EAZE). ...ccoviiiiiiieiiecie ettt ettt sttt et ta e s taestbeesbe e be e bt e staesebeesbeensaerbaeraens 1030
Figure 10-2. Close-up of Typical Engine Nacelle Fire Protection System Bottle. .........ccccooceevenennnee. 1030
Figure 10-3. Typical Cargo Aircraft Engine Nacelle Fire Suppressant Storage and

Distribution System (Wing Leading EdZe)........ccccveviiieriiiiiieeeetecee et 1031
Figure 10—4. Typical Auxiliary Power Unit Fire Protection System Location..........c.cccccovveierencenenne. 1034
Figure 10-5. Typical General Location of Fighter Aircraft Fire Extinguisher Bottle. ...........cccccoceeeeie. 1034
Figure 10-6. Schematic of Typical Fighter Aircraft Engine Bay. .........cccccoovvivviiivievieieieieceeieen 1035
Figure 10-7. Typical Fighter Aircraft Fire Suppression System Installation. ...........ccccecevererierenennee. 1035
Figure 10-8. Typical General Location of Rotary-Wing Aircraft Fire Extinguisher Bottles. ................ 1039
Figure 10-9. Typical Future Fighter Aircraft Agent Distribution System............cccceeevieriireeiieenreennnenn. 1049
Figure 10—10. F-22 Factor of Safety Data. ......c.ccciiieciiiiiieeie ettt ettt eeeeesree e enneeens 1070

Figure 10-11. Legacy and Future Cargo Aircraft Net Costs vs. System Effectiveness for
HALON 130Tttt s bbbttt b ettt 1074



xlii List of Figures

Figure 10-12. Legacy Cargo Aircraft Net Costs vs. System Effectiveness for

HEC125. ettt 1074
Figure 10-13. Future Cargo Aircraft Net Costs vs. System Effectiveness for

HEC125. ettt sttt ettt s a et 1075
Figure 10-14. Legacy and Future Cargo Aircraft Cost Savings vs. System Effectiveness. ................... 1075
Figure 10-15. Legacy Fighter Aircraft Net Costs vs. System Effectiveness. .........ccccevvevienienieneeneenn 1077
Figure 10-16. Future Fighter Aircraft Net Costs vs. System Effectiveness. .........ccccoeveeeieievieenciiesnnnnn. 1077
Figure 10-17. Legacy and Future Fighter Aircraft Cost Savings vs. System Effectiveness. ................. 1078
Figure 10-18. Legacy Rotary-wing Aircraft Net Costs vs. System Effectiveness for Halon

L30T, ettt b e h b bttt et h bbbttt et eaees 1079
Figure 10-19. Legacy Rotary-Wing Aircraft Net Costs vs. System Effectiveness for HFC-

L2 ettt e ettt st 1080
Figure 10-20. Future Rotary-Wing Aircraft Net Costs vs. System Effectiveness for Halon

L30T, ettt b et b e bttt et b e bt bttt eae s 1080
Figure 10-21. Future Rotary-Wing Aircraft Net Costs vs. System Effectiveness for HFC-125. ........... 1081
Figure 10-22. Legacy and Future Rotary-Wing Aircraft Cost Savings vs. System

EATECTIVEIIESS. ..ttt ettt ettt et st e b e st s bt ettt st e b e saeesaene e 1081
Figure 11-1. AENTF Primary Mechanical COMPONENLS. ........cceereeriiruirrieriinieienieetenie et nee e 1107
Figure 11-2. Photograph of Universal Test FIXTUIE.........cccccciieiiieriieeiiiesieeciee ettt eveesvee e 1107
Figure 11-3. Cutaway View of the Engine Core inside the Nacelle FiXture..........ccoocoevvevvinrincnievnennnn, 1108
Figure 11-4. Vertical Extinguisher Unit Attached to the Nacelle Fixture...........cccocevininienincnnenene. 1108
Figure 11-5. AENTF Control ROOIM. ....co.cociiiiiiiiiiiiiiiiitescc ettt 1109
Figure 11-6. Semi-Transparent View of Components in Fire Section of the Test Fixture. ................... 1110
Figure 11-7. Pool Fire Pan in NACEIIC. .......c.eccviiieiiiiiieiiecteciesre sttt restaeseve v e esreesneessaesraen 1110
Figure 11-8. Schematic of Spray Fire VICINILY. .....ccceviririiiriiiiieiieteeeteeeeee st 1111
Figure 11-9. 7.6 cm Ribs Mounted on the Underside of the Nacelle and the Engine Core. .................. 1111
Figure 11-10. Discharge “T” and with Nozzles Added for Phase I . ........cccccoooeiininiininieceeee 1119
Figure 11-11. Halonyzer Probe Mounting in Flame Region. ...........ccccoevieviiiiiiniiiieniieecceeeee, 1120
Figure 11-12. Halonyzer Probes in Nacelle FIXtUure. .........ccccoviiriiiiiiiieieeieee e 1120
Figure 11-13. Phase II Nacelle Concentration Measurement Quadrants. ............ccocceeeeeeeneeeesieneneennn. 1123
Figure 11-14. Layout for Multi-Port DiSCharge. ..........cccveeierieriiiiiiiieeeeie et 1123

Figure 11-15. Variation of Moles of Injected Chemical per Fire Zone Volume Percent with
Relative AQr TEMPETALUTIE. .....cccviiiiieiiiieeiiieeiee et e eteeertteesreeetaeestbeesbeeessseessseeensseessseeassseesssens 1127

Figure 11-16. Variation of Concentration Standard Deviation with Number of Discharge



List of Figures xliii

Figure 11-18. Reduction in Moles/Concentration with Increasing t, Residence Time. .........ccccceeneeee. 1129
Figure 11-19. Effect of Agent Type and Relative Temperature on Extinguishing
L0034 1o7e3 115 10 o SRR 1130
Figure 11-20. Notional Graphs of Concentration in the Free Stream and Recirculation Zone. ............. 1133
Figure 11-21. Sample HaloNyZer TTaCES. ....ccvvververieeiieiieiiestiestiesereseresaeeseeseesseessaesssesssesssessseensesssenns 1134
Figure 11-22. Influence of Flame Stabilizing Rib Height on Value of T. .......c.cccoeiiiiiiiiiiiiiee 1136
Figure 11-23. Influence of Fire Type on Value of T.......ccccoviiiviiiiiiiiicieceeceeete et 1136
Figure 11-24. Influence of Agent and Air Temperature on Value of T. ......cccoeeeiiiieiiniiieniceeeee, 1137
Figure 11-25. Variability in Peak Concentration Required Due to Extinguisher Flow. ....................... 1140

Figure 11-26. Variability in Peak Concentration Required Due to Rib Height. ...........ccccvevvvrinneennnn. 1141



xliv List of Figures

Page intentionally left blank



LIST OF TABLES

Table 1-1. Flame Suppression by Halon 1301 and Other Chemicals ...........ccccceeveeiieniienciieninennen. 5
Table 1-2. Use of Halon 1301 in Fielded Weapons SysStems. ........cccccoeeveriineeneniieneenenieneeneen 7

Table 2—1. Evolution of Aircraft Vulnerability Based on Live Fire Test Vulnerability

AssessMENts (APT TRICALS). ....ccuviiiiieiiieiieeie ettt 22
Table 2—-2 Tabulation of Aircraft Fire TYPes. ....cccuierieiiiiiieiiieie et 42
Table 2—-3. Number of Mishaps and INCIdents. ............ccoeevieriiiriiiiiieriieiecie e 60
Table 2—4. Percentage of Fire Mishaps and Incidents Occurring in Geographic Cold

or Severe-Cold ENVIIONMENTS. ......c..couiviiriririiirieieieeeeseseee sttt 60
Table 2—5. Comparison of Modeled vs. Measured Nacelle Air Temperatures ............cocceeeeeennee. 68
Table 2—6. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to

Extinguish a Nacelle Fire, Any Time ........cccooiiiiiiiiiiiieeeeeee e 72
Table 2—7. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to

Extinguish a Nacelle Fire, Any Time ........cccoooiieiiiiiiiiieiieeecee e 72
Table 2—-8. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to

Extinguish a Nacelle Fire in a Climatic EXtreme..........ccccoceviiiiniiniininiiniieneccee 73
Table 2-9. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to

Extinguish a Nacelle Fire in a Climatic EXtreme..........cccccoceeviriiniininiiniiniccncecee 73
Table 2—10. Fire Suppressants on DoD Aircraft...........ccoeeveeiieiiiiiieiieciieeecie e 87
Table 2—11. Most Significant Fire Suppression Parameters Identified During Phase 1................ 93
Table 2—12. Halon Alternative Fire Suppressants Identified for Phase 2 Evaluation. .................. 94
Table 2—13. Most Significant Fire Suppression Parameters Identified During Phase 2................ 94
Table 2—14. Fire Suppression Parameters in Design Guidance Developed from Phase 3. ........... 95

Table 2—15. Minimum Fire Suppressant Quantities from F-22 Main Landing Gear
Dry Bay Live Fire Testing, 150-grain Fragment Threat and Jet Fuel Except

WHRETE NOLEA. ...ttt ettt et et e et esateebeesnaeeneens 103
Table 3—1. AENtS TESIEA. ...eeeiieiiieiiee ettt ettt et e s aeeebeeseeen 125
Table 3—2. Cup Burner Extinction ConCentrations. ..........c..ecveeveerieerieeniesieeneesseesieesveenenesnens 137

Table 3-3. Catalytic Efficiency of Different Metals in Promoting Radical
RECOMBINATION. ....euiiiiiiiiitiiiieice ettt sttt 149

Table 3—4. Metals Which Have Shown Flame Inhibiting Properties. ..........ccocevveevenciinienennene. 155



xlvi List of Tables

Table 3-5. Inhibitor Concentrations (uL/L) and Uncertainty (+ pL/L) at Flame
EXEINCHION. ..ttt ettt ettt et ettt s bt et e e sbeesabeesaeesareens 161

Table 3—6. Uninhibited Laminar Burning Velocities SL and Adiabatic Flame
Temperatures TAFT from 1-D Planar Numerical Calculations, Together with

the Average Burning Velocity Measured in the Bunsen-type Flames...........c.cccoccevene. 180
Table 3—7. Reaction Rate Data for Tin Inhibition of Premixed Methane-air Flames.................. 182
Table 3—8. Thermodynamic Properties of Tin- and Manganese-containing Species

(298 K. ettt ettt ettt et e ae et e nt e te et e st e bt enteeneeaeenne e 183
Table 3-9. Reaction Rate Data for Manganese Inhibition of Premixed Methane-air

FIAIMIES. ...ttt et e h e et b e st be e et et e et 184
Table 3—10. Summary of the Fe and Na Mass Loadings in Unheated and Heated

PaTtICLES. ..ttt ettt 203
Table 3—11. Components of Metallic COMPIEXES.........ceevvieriiiriiiniiiiiieieeieee et 213
Table 3—12. Current State of Knowledge Relevant to Inhibition Potential of Metals,

and Loss of Effectiveness due to Condensation ...........c.ccecveveevierieneinienieneenieneeneeeenne 233
Table 3—13. F1ame COndItiOnS. ......ccc.uiiiieiiiaiienieetie ettt ettt ettt e s beesieeebeesaeens 256
Table 3—14. Probe Orifice Diameters Used in Specific Experiments..........c.ccccevevienieeniiennennen. 269
Table 3—15. FTIR Detection Limits and Wavenumber Ranges...........ccccccveevvieerieeeniieeniee e 270
Table 3—16. Operating CONAItIONS. .........ceeeuierieeitierie ettt eteeete et etee e eseeesbeesaaeebeessaeenseas 272
Table 3—17. Inhibitor Concentrations and Uncertainty at Flame Extinction. ............cccccccveeennen. 285
Table 3—18. Measured OH Profile Widths for the Uninhibited Flame and Inhibited

Flames at 50 % of the Inhibitor Extinction Concentrations..........c..ccceeeeveeenieesiennieennnenn 287
Table 3—19. Comparison of Calculated Burning Velocities. ...........cccueeeuierieniiiinieeiieieeieeiene 297
Table 3-20. Kinetic Mechanisms for SUPPIeSSaNtS.........c.eeecveeeiuieeeiieeeeiiieeeieeeeieeeeveeesreeeseveeens 302
Table 3-21. Efficiencies and Sensitivities to Bond Energies of Catalytic Cycles....................... 306
Table 3—22. Input Parameters and Calculated Temperatures and Flame Speeds. ....................... 310

Table 4-1. Mean Diameter Definitions, Symbols, and Notations used to Describe

Aer0S0l S1Z€ DIStITDULIONS. ..eeoviiiiiiiieiiieciieeciee ettt e et e et e et s e e e sbeeeesbeeesseeesaeeas 348
Table 4-2. Thermodynamic Quantities for Physical Suppressants Compared to

(O 2 2 5 TSRS 368
Table 4-3. Number Density and Droplet Separation Lengths for Some Selected Water

AV E T B ¥ Yot 10§ ST SRSPRRRP 374
Table 4—4. Stokes Number (S;) for Different Droplet Sizes fora = 130" .........ccocvvevvrrrrireene. 376

Table 4-5. PDPA Derived Diameter Information for the Experimental Mists Studied
Measured at 2 mm from the Air Tube EXit.......ccccceoininininiiiiiiinecccceee 386



List of Tables XIvii

Table 4-6. Flow and Strain Rate Conditions for Extinction Experiments. ..........c.cccceevveennrennnen. 398

Table 4—7. Propane-air Counterflow Non-premixed Flame Extinction Mass
Concentrations for Powders and Halon 1301, .........c.oooiiriiiniiiiieiiieieeeeee e 401

Table 4-8. Experimental and Predicted Global Flame Extinction Strain Rates (s™) for

Different Droplet Size Distributions and Water Droplet Mass Fraction of 0.01............. 420
Table 4-9. Elemental Composition of Pure Dendrimers and Dendrimer Salt

COMIPIEXES. ..eevieneieeiiieiie et eite et e it e ettt ette et e bt e et e esaeeesseesaeenseenseeesseeseesnseensaeenseenssesnseenns 431
Table 4-10. Average Blow-off Velocities for of Various Candidate Agents..........ccceeveveeennnen. 433
Table 5—1. Optical Diagnostics for Fire SPeCies. ......cccevviiieiiiieiiieeiieeeee e 483

Table 6—1. Calculated Nominal Agent Mass Fractions at Reference Blow-off Air

VelOCIty O 30 CI/S. .veiiiieiieiie ettt et tee et e et e e b e enbeenseas 534
Table 6-2. Estimated and Reported ODP Values (Relative to CFC-11) for Selected

HaloCarbOMS. .......oouiiiiiiee e 559
Table 6-3. Atmospheric Lifetimes (years), from Theory and from OH Reactivity

Measurements, for Selected MOIECULES. .......oovvvvuiiiiiiiiiiiieeeeeeee e 570
Table 6—4. Reactions of PhoSphates. ........c..ooocuiiieiiiicieece e e 571
Table 6-5. Estimated Equilibrium Vapor Pressure as a Function of Boiling Point and

AMDIENt TEMPETALUTE. ....ccuvvieeeiiieciie ettt eee ettt e et e e s tee e s e e e ssaeeessseeesseeesseeas 573
Table 6-6. Estimated Maximum Boiling Point That Can Achieve a Given Volume

Percent of Chemical I AL, ....coc.ooiiiiiiiiiee e 573
Table 6—7. Cardiac Sensitization Values for Fluorocarbons and Hydrofluorocarbons. .............. 580
Table 6-8. Cardiac Sensitization Values for Br-, Cl-, and I-containing Alkanes........................ 581
Table 6-9. Cardiac Sensitization Values for CFCs and HFCs. ..........cccoviiiiniininiiniccice 581
Table 6-10. Availability of QSARs for Various Chemical Classes and Toxic

ENAPOINLS. ...viiiiiiieiie ettt ettt e et e s ee e e e e e sab e e e areeerbeeetreeenaaeas 583
Table 6-11. Air Concentration Inducing Cardiac Sensitization in 50 % of Animals.................. 585
Table 6-12. Partitioning (Kow) and Arrhythmia Properties of Selected Anesthetics. ................ 586
Table 6—13. Comparison of Calculated and Measured Values of Log Kow of Selected

HaloCAIDOMNS. ..ottt ettt et e et 588
Table 6—14. In vitro Cardiac Cell SYStEMS. ......cccuieiiiiiiiieiieiiecie ettt 589

Table 6-15. Time for Safe Human Exposure at Stated Concentrations for Halon 1301
ANA HEC-125. ettt 592

Table 6-16. Nominal Quantities of Chemicals Needed for Screening Tests. .......cccceceereenuennnee 597



xlviii List of Tables
Table 7-1. Tropospheric Removal MechaniSms. ............cocuevieviieienienenienieiecieneeeeeeeee e 612
Table 7-2. NIST List of Recommended Chemical Families (1990). .......cc.cccooieniiiiiiniiinnnnen. 615
Table 7-3. AAWG Preliminary List of Compounds. ..........ccceevieiiiienieniiienieiieeieeee e 617
Table 7—4. TOPKAT ToxicCity PrediCtions. ........cccueeeiiieiiieeiiieeieeeeee ettt 618
Table 7-5. DEREK ToXicCity PrediCtions...........cceeviieiiieniieiieiieeieeie ettt 619
Table 7—6. Acute Inhalation Toxicity Tropodegradable Bromofluoroalkenes.......................... 621
Table 7-7. Ames Mutagenicity Test ReSUILS. .......cccueiiiiriiiiienieeiieeeee e 621
Table 7—8. Chromosomal Aberration Test ReSults. ........c.coooieiiiiiiiniiiiiiiieieeeeeeeee 621
Table 7-9. Cardiac Sensitization Testing of Bromofluoropropenes............cccccceeveiierienieenieennnen. 621
Table 7-10. Anesthesiology Testing of Fluoroalkenes.............cccueeeiiieeiiiiiciieiciie e, 622
Table 7-11. Chemical Families Selected for Further Study. .........cccoocieiiiiiiiiiiiniieee. 625
Table 7-12. Chemical Families Not Pursued Further.............c.ccooiiiiie, 625
Table 7—13. Silicon-containing COMPOUNGS...........ccueeriieriieriierieeiienieeite e eiee e iee e seeeeeeees 628
Table 7—14. *OH Rate Constants for Silicon Compounds...........ccceeeueeerieeeriieeriiee e eeiee e 631
Table 7—15. Tetra(fluoroalkoXy)SIlanes. ........cceeruiiiiierieeiieie et 633
Table 7—16. Phosphonitrile Flame Extinguishment.............cccccoeeoiiiniiiiniiicciie e 637
Table 7—17. Phosphorus Halide Flame Extinguishment. ............cccccooviiiiiiiiieniiiiniicieeieeieeee 638
Table 7-18. Rate Constants *OH Reactions With Phosphorus Compounds. ...........cccccevuveeenneen. 640
Table 7-19. Toxicity Studies of Chlorophosphazenes. ............cccoeeveriieiieniienieniieieeeeee e 642
Table 7-20. Perfluoroalkyl Sulfur Compounds. ...........ccccuveeiiiiiiiiieiiecieeciee e 646
Table 7-21. Family Types in the DIPPR Database ...........cccceeriieriieniienieeieeiecieeee e 648
Table 7-22. Compounds with High AHrt, (Molar Basis).......ccccveeviieeiiieeiiiecieecieeeeee e 649
Table 7-23. Compounds with High Aprota; (Mass Basis). ....c.cevveeeiieniieiiieniieiienieeieeeeeeee e 650
Table 7-24. Extinguishing Volume Fractions of Inert Gases for CH4/Air Diffusion

FLAINES. ..ottt ettt ettt et nae b 657
Table 7-25. Extinguishing Volume Fractions of Inert Gases for CsHg/Air Diffusion

FIAMES. ..ottt e e e e e b e e e e e ab e e e ab e e erbeeeareeennreas 657
Table 7-26. Tropodegradable Brominated Candidates. ............ccoeevveeiieniienieenieeiieie e 659
Table 7-27 BromotluOTOPIOPENES. .....cccueiriieiiieiieiie ettt et eeeteeiee ettt e et siee st e saeeebeeseeeeneeas 663
Table 7-28 Bromofluoropropene Cup Burner Flame Extinguishment Data. ..............ccccceeenneee. 664
Table 7-29 Low Boiling Bromofluoroalkene Cup Burner Values. ..........ccceeeeieniincniinicnenne 664
Table 7-30 Phosphorus Compound Toxicity (Safety) Information. ..........c.cccceevveriieniieniennnnn. 665
Table 7-31. FID Extinguishment Estimates of Phosphorus Acids and Esters. ..........cccccceueeneee. 670



List of Tables xlix
Table 7-32 Properties of Phosphorus-Containing Compounds..........c..cceeevverveneenenieneenennenn. 671
Table 7-33. Flame Extinguishment Values for Trimethylphosphite Blends with

HECS. ettt ettt et st b et ettt sttt et saeeae s 672
Table 7-34. Enthalpy of Reaction for PF3 + 3 O=CF2 — P(OCF3)3...cccceevvviiriieeniieeeiieeeienns 674
Table 7-35. Perfluoroalkyl PhOSPhines. .........c.cociiriiiiiiiiiiiiiecieeie et 675
Table 7-36. Amino FluoroalkylphoSphines............ccccvieiiiiiiiiieniieeciie e e 677
Table 7-37. Phosphorus-containing Compound Performance. ............cccceevevienienciienienieenieenen. 679
Table 7-38. *OH Rate Constants for Nitrogen-containing Compounds...........cccccveeevreerveeennenn. 681
Table 7-39. Rate Constants for Reactions of O3 With AMINES. .....coevveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen. 681
Table 7-40. Acute Inhalation Toxicity of Hydrofluoroamines. ...........cccceeveuveenciieeniiieeniiecien, 683
Table 7—41. Toxicity and Safety Information for Selected N, F Compounds. .........ccccceeeuennene. 683
Table 7—42. Fluoroalkylamine Boiling POINES. .........cccooiiiiiiiiieiiiieciecciee et 684
Table 7-43. Bromofluoroamine Candidate Compounds. .............ccceevireriienieeniieniienieeieesee e 685
Table 7-44. Bromofluoroamine Boiling Points and Flame Suppression Results........................ 687
Table 7—45. Rate Constants for Hydrofluoroether Reactions with *OH..............cccceeininnennenn. 688
Table 7-46. Atmospheric Lifetimes for Fluorine-containing Ethers..........ccccoevviieeiiiieiieennnnn. 688
Table 7—47. Fluoroether Cup Burner Extinguishment Data. ..........ccccoccerieniininieniencnieneeee 691
Table 7-48. Bromofluoroether Cup Burner Testing SUmMmary. ........cccccccveeeeiieencieeniieenciee e 693
Table 7-49. Bromofluoropropene Oxide Cup Burner Testing Summary............ccceecveevreenreennnne 695
Table 7-50. Bromofluoro Alcohol Boiling POInts...........cccceovieeiiiieiiiiiiieeiee e 696
Table 7-51. Todoalkane Boiling POINES. .........c.covciiiriiiiiieiieeiiecie ettt 697
Table 7-52. Compilation of Historic Firefighting Emissions of CF3Br. .......ccccccoviiiiiiiiiiieien. 698
Table 7-53. Estimated Ozone Depletion Effects of CF;I for Two Emission Profiles................. 699
Table 8—1. PROFISSY Results for Henry’s Constants............cccceecveeriieriienienieenieeieeee e 745
Table 8-2. Operating Condition for Repeatability Tests. .......ccccccvviereiiieiiieniieecieece e 761
Table 8-3. Matrix of Experimental Runs Conducted. .............coceeviriiniininiiniiniiieeicneeene 775
Table 8—4. Comparison of Experimental Pressure Drop Values to Literature Values. ............... 780
Table 8-5. Test Matrix from NIST EXPeriments..........ccccecvevieverienienenienienieeicneesieeee e 789
Table 8—6. Model Geometry and Test COnditions. .........cccueeveeeieeriieiiiieniienie e eiee e eeee e 823
Table 8—7. Summary of Drag Coefficients. .......c..cccerieriiiiiiiiiiiceececee e 826
Table 8-8. Frequency and Strouhal Number Resolution...........c..cccveeiverieniienieeciienieeeeeie e, 827
Table 8-9. Selected Thermophysical Properties of CFsl and CF3Br......c.ccccccoviviiiiiiiiniinenee 829



List of Tables

Table 8—10. EXperimental IMAtriX. .......cccveeiiierieeiierie ettt eiee ettt ete et e ereesiaesseesaaeenseeseneenseas 832
Table 8—11. Liquid Fraction of CFsI/N; Mixture after Isentropic Expansion to 0.101

IMP. L.t h ettt h et et b et et sbe b 835
Table 8—12. Description of Simulations of Pool Fires Stabilized behind a Backwards-

FACIIE STEP. wontieiieeieee ettt ettt ettt et e et e e bt essbeenbeesabeenseeesaeenseenneeenne 855
Table 8—13. POl CharaCteriSTICS. .......eeruiiiiieiiietieiie ettt ettt ettt et e e 868
Table 8—14. Summary of Test Results with Four Nozzles. ...........ccooovviviiiiiiiiiiiiiiieeieeee 869
Table 8—-15. Summary of Test Results with Individual Nozzles Capped. .........ccccveeevveerieeennenn. 870
Table 8—16. Comparison of Predicted vs. Measured Pressures and FIOWS. .........cccceecerieniennnene 876
Table 8—17. Summary of Full-Scale Tests Conducted. ...........ccccouiieriiieniieeeiie e 881
Table 8—18. Comparison of Fire Test Results and Pretest Simulations............cccccecveverieneennenne 882
Table 8-19. Effectiveness of Charged Water Mist Expressed as Percent of Successful

Pool Fire EXtinguiSHMENtS. ........c.coocuiiiiiiiiiiiieciieieetee e 893
Table 8-20. Hollow Cone Nozzle CharacteriStiCs. ........ccoueruieriieiieriiieniieiee sttt 894
Table 8-21. High Flow Capacity Seven Nozzle Assembly...........cccocoveviiieiiiiiiiiniiiiieieeieeiene 899
Table 8-22. Low Flow Capacity Seven Nozzle Assembly..........cccccccviiriiieniiieeniiecniie e 899
Table 8-23. Solid Cone Nozzle CharacteriStiCs. .........ceververirrieeierierienienieenieeee e 905
Table 9-1. Examples of Previously Tested Powder Panel Materials. ..........cccceeoerieneiieneennennn 933
Table 9-2. Phase I Powder Panel Configurations Tested. .........cccveevvieiiiiincieeniie e, 937
Table 9-3. More Effective Powder Panel Designs in Experimental Testing. ............ccccceevueenneen. 939
Table 9—4. Less Effective Powder Panel Designs in Experimental Testing............cccceeevveeennenn. 940
Table 9-5. Phase [T Optimization TeSES. .......ccvieriieriiiiiierieeiie ettt ettt seeeeneees 950
Table 9-6. Phase II Enhanced Powder Panel Live Fire Demonstration Tests............cccccceveennee. 960
Table 9-7. C-130 Wing Leading Edge Dry Bay Fire Extinguishing System

Component Mass ESTIMALES. ......cccuiiiiiiiiiiiieiiieceiieesieeestee et e estee e e eiveeesreeenaeeesaee s 970
Table 9-8. C-130 Wing Leading Edge Dry Bay Total Fire Extinguishing System

MaSS ESTIMALES. .....couviiiiiiiieeiie ettt ettt st et esaee e 970
Table 9-9. V-22 Outboard Tip Rib Dry Bay Fire Extinguishing System Component

MaSS ESTIMALES. .....eouviiiiiiiieniie ettt ettt ettt ettt et e e e e 971
Table 9-10. V-22 Outboard Tip Rib Dry Bay Total Fire Extinguishing System Mass

ESHIMALES. ...ttt ettt sttt e b e st et 971
Table 9-11. Fire Test Fixture Operating Conditions. ..........c.cceceeiereeneniineenienieneenieeeeseenieenne 982
Table 9-12. Comparison of Aerojet FTF to Other Fire Test FIXtures. .........cccceevevieneniieneennenne 982

Table 9-13. Temperature Dependence of Burn Rate for Baseline Propellant, FS-0140............. 991



List of Tables li

Table 9-14. Adiabatic Temperatures of High Nitrogen Propellant Fuels in

Stoichiometric Mixtures with St(NO3); OXIAIZET.......ccccviiiiiiieciieeciie et 994
Table 9-15. Adiabatic Temperatures of Oxidizers in Stoichiometric Mixtures with.................. 996
Table 9—16. Development Propellant Compositions and Burning Parameters...............cc.cc........ 997
Table 9-17. Effect of Different Coolants on Adiabatic Flame Temperature of SAT-

St(NO3)2 Propellant MIXTUIE. ....cc.veiiiiiieeiieeciee ettt e s e e e e 999
Table 9-18. High Nitrogen Content Developmental Propellants with MgCOs Coolant:

Compositions and Burning Parameters. .........c..cecvveeerieeeiiieeiiieeriee et 1000
Table 9-19. Candidate Chemically Active AZENtS.........ccceeriieriiiiiiieiieeieeee et 1002
Table 9—20. Summary of SPGG Fire Suppression Testing with Chemically Active

ALGENTS. oottt et e st e et e et e e et e e e bt e e s bt e e nabeeenbeeennee 1004
Table 9-21. Chemically Active Developmental Propellants. ..........cccceeevieeniieeiciieeciieeeeeee, 1006
Table 9-22. Threshold Mass of Propellant and Potassium-based Additive for Fire

Suppression N the FTE. ..ottt e 1011
Table 9-23. Properties of Hybrid Fluid Candidates. ............cccooovieviiiniiiiiieniieieieeeeeeeee 1013
Table 9—24. Hybrid Extinguisher Fluorocarbon System Data Summary. .........cccceevvveeeveenenn. 1014
Table 9-25. Hybrid Extinguisher Aqueous System Data Summary..........ccccoeeevveneinenienennen. 1015
Table 10—1. Properties of Halon 1301 and HFC-125 Used in Life-cycle Costing. ................... 1029
Table 10-2. Additional Legacy Cargo Aircraft Fire Protection System Information. .............. 1031
Table 10-3. Additional Legacy Fighter Aircraft Fire Suppression System Information .......... 1036
Table 10—4. Legacy Rotary-wing Aircraft Specific Parameters. .........ccccccvvevviieecieenciecnieeenee, 1040
Table 10-5. Additional Legacy Rotary-wing Aircraft Fire Suppression System

INFOTMALION. ...ttt ettt sttt 1041
Table 10—-6. Design Guide Estimates of HFC-125 Concentration and Mass for Future

Cargo Aircraft Engine Nacelles. ........cceeeiiieeiiieeiiieceeeee e 1045
Table 10-7. Design Guide Estimates of HFC-125 Concentration and Mass for Future

Cargo Aircraft Auxiliary POWer UNits. .......ccoccieriiiiiiiiiieiieeie et 1046
Table 10-8. Future Cargo Aircraft Proposed System Estimates. ..........ccocceveeienieneniicneenennne. 1046
Table 10-9. Future Cargo Aircraft Extinguisher Container and Agent Mass. ..........c.cccueennenene. 1047
Table 10-10. Future Fighter Aircraft Engine Nacelle Fire Protection System

L0707001 00711511 £ F SRR 1050
Table 10-11. Fighter Aircraft Fire Suppression System Mass Comparison. .............ccecueenneene. 1050
Table 10—12. Future Fighter Aircraft Specific Parameters. ...........cccoevvevviieniieniieniieeiieeieeeene 1051

Table 10—-13. Estimates of System Parameters for Proposed Future Fighter Aircraft
SYStEM DESCIIPLION. ...vievviieiiieiieeieeiieeteeette ettt et e te et eebeebeeesbeessaeessaesaeesseessseenseas 1051



lii List of Tables

Table 10—-14. Future Fighter Aircraft Extinguisher Container and Agent Mass...........cccceuen.... 1052
Table 10-15. Future Rotary-wing Aircraft Specific Parameters. ........ccccccveeveveeriieencie e, 1053
Table 10—-16. Future Rotary-wing Aircraft Analysis of Increase in Total Mass. .........c.ccc........ 1053
Table 10-17. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY0O0 to

FY22) Cost Estimates for Legacy Cargo Aircraft. .........cooceevieeiienieniieiecieeieeeeenes 1056
Table 10-18. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY0O0 to

FY28) Cost Estimates for Legacy Fighter Aircraft..........ccceoviiviiiiniiniiinieeieieeeee 1057
Table 10-19. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY03 to

FY35) Cost Estimates for Legacy Rotary-wing Aircraft..........c.cccovvieviiienieniienieeienne, 1058
Table 10-20. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY0O0 to

FY31) Cost Estimates for Future Cargo Aircraft..........ccceecveeiieviiiiniiniieieeieeeeieee 1059
Table 10-21. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY0O0 to

FY32) Cost Estimates for Fighter Cargo Aircraft...........cccceeviiniieniiniiiieeieeceeeee 1060
Table 10-22. Comparison of Halon 1301 and HFC-125 System Life-cycle (FY03 to

FY41) Cost Estimates for Future Rotary-wing Aircraft...........ccceeviieviinciienieniieeeee. 1061
Table 10-23. Detailed Cost Element Structure..............cooeeiiiiiiiiiiiiienieeieeeee e 1062
Table 10-24. Cargo Aircraft Cost Savings EStImation............ccceecveveeverienienieniieneenenieseeene 1067
Table 10-25. Fighter Aircraft Cost Savings EStimation. ..........ccccceeevviercieencieencie e, 1067
Table 10-26. Rotary-wing Aircraft Costs Savings EStimation...........ccccecevvvevienienienieneenennne. 1067
Table 10-27. Estimated Cargo Aircraft System Description..........ccccveeevveerieeeriieeesiieeeiee e 1069
Table 10-28. Estimated Fighter Aircraft System Description...........cccceveveeviienieenieenieeiieeene 1069
Table 10-29. Estimated Rotary-wing Aircraft System Description. ..........cccceeeeeieeeiveeecnveennnee. 1070
Table 10-30. Cargo Aircraft Altered System DescCription...........cccceevuveriierieriieenieeieeiie e 1071
Table 10-31. Fighter Aircraft Altered System Description............cccveeeerieeeciieenieeeniee e 1072
Table 10-32. Rotary-wing Aircraft Altered System Description. .........cccceveevveevieneeneneeneenen. 1072
Table 10-33. Legacy Cargo Aircraft Net COStS......cccvuiieriieeiiieeiiieeiieeciee e eevee e eeaee e 1073
Table 10-34. Future Cargo Aircraft Net COStS. ....coouiriiriiririiniiieeierieneeeeece e 1073
Table 10-35. Legacy Fighter Aircraft Net COStS.....c.cooiiriiirieeiiieieeieerieeie et 1076
Table 10-36. Future Fighter Aircraft Net COStS ....c..coviriiriiririiniiienieseeeecee e 1076
Table 10-37. Legacy Rotary-wing Aircraft Net COStS .......covvieriieiiierieiiierieeieenie e 1078
Table 10-38. Future Rotary-wing Aircraft Net COsts ......c.ccoceviiniriiiniininienicecieneeeeeeeeen 1079
Table 11-1. Local Conditions Fire Test (Phase I) MatrixX. ........cccoocveeeiierieiciienieeieecie e 1121
Table 11-2. Factors and Values for Phase I Fire Test MatriX. .......ccooceveienienieenieniieieeeee 1121

Table 11-3. Extinguishant Dispersion Optimization (Phase II) Test Matrix. ..........ccceeeeueenee. 1124



List of Tables liii

Table 11-4. Factors and Values for Phase II Agent Distribution Test Matrix. ...........c.ccccu..... 1124
Table 11-5. Phase I Summary Data.........c..coociiiiiiiiiiiieciecceeeee e e 1126
Table 11-6. Phase II Summary Data. ........ccccccuieviiiiiieniiecieeiieee et 1126
Table 11-7. Values of X¥ and t from Prior Experimentation. ..........c.cccccvveeviieeiieeeciiesree e, 1131
Table 11-8. Rank Order of t Values in All Test Run Conditions for Both Mixing

IMIOAEIS. ...ttt ettt et e b e st b e sttt e b e eneas 1135
Table 11-9. Flame Extinguishment Concentrations. (% by Volume)...........ccccceeveervieninennnnnne. 1137
Table 11-10. Calculated Peak Concentrations under Fire Extinguishment Conditions............. 1139

Table 11-11. Results of Fire Experiments with HFC-227ea and 2-bromo-3,3,3-
190 1801407 0) 070155 1 (TS 1141



liv List of Tables

Page intentionally left blank



Chapter 1: INTRODUCTION Richard G. Gann, Ph.D.
National Institute of Standards and

Technology
TABLE OF CONTENTS
1.1 BACKZIOUNA.....cooiiiiiieiieiie ettt ettt ettt e e e et e ebeestaeesseessaeenseessseesseessseensaens 1
1.2 The Evolution of Fire SUPPIresSSION .......cc.cocviriiviirieniiiirieieeiesie ettt 1
1.3 The Rise 0f the HalonS........cccuoiuiiiiiiiieiieeeee e 3
1.4 The AtMOSPRETIC TRICAL .......ccccuiiieiiieeiiie ettt et e e e e enreeesnreeenene 5
1.5 HiStory Of the NGP ...c.oooiiiiiiieee ettt et e s esae s 9
1.6 ThiS BOOK. ...ttt ettt ettt et e e e 15
1.7 RETCIEIICES .. ..eiiieieieieei ettt ettt ettt ettt sbe et st e saeenae s 16

1.1  BACKGROUND

In its decade of research (1997-2006), the United States Department of Defense’s Next Generation Fire
Suppression Technology Program (NGP) revitalized the field of fire suppression science. The NGP arose
as a result of a discovery that garnered the Nobel Prize for two accomplished chemists and legislation that
turned science into public policy. This book tells the story of how the NGP came about, what research
was performed, how it modernized the thinking in the field, and the technical findings that emerged
related to fire suppression in aircraft.

1.2 THE EVOLUTION OF FIRE SUPPRESSION

The ability to control fire is universally and exclusively human. The history of that controlled use is also
the history of civilization." While individuals likely recognized the first principles of fire control, it was
the rise of organized societies that led to structured activities and, later, products to mitigate the unwanted
outcomes of fires. Now, the application of chemicals, manually and by mechanical devices, to control
fires has become a mainstay of modern society. In particular, the development of the use of fire
suppressant chemicals has a rich history.”

There is geologic evidence of fires as far back as there is evidence of vegetation on this planet, about 350
million years ago. The fires were started by frequent natural events, lightning strikes and volcanoes, and
this was still the case when the first hominids appeared, some 3 million to 5 million years ago.

In the earliest years, small nomadic groups of these pre-humans observed the nature of fire. While they
could see its destructive power, they soon recognized its benefits as well. They saw that animals ran from
it, and thus it became a tool for trapping food. They found that animals and nuts that had been exposed to
the flames were easier to eat. They enjoyed the radiant warmth from the fire on cold nights. They no
doubt observed that rain made the fires stop, and some might have even noticed that there were few fires
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following a rainstorm. By about 400,000 years ago, the sparse nomadic clusters of homo erectus had
learned how to “capture” fire and use it for their own purposes, both domestic and martial. Since the
initial source of this benefactor occurred only episodically, they spent considerable effort to keep the fire
from going out. A few burns and the occasional loss of a temporary dwelling was a small price to pay for
its continuous availability.

The number of humans and their standards of living accelerated about 20,000 to 30,000 years ago, toward
the end of the last glacial age. Over the next 10,000 years, the ability to use fire for clearing land for
agriculture and capturing livestock engendered the rise of towns. Further amenities became available as
fire was used to bake clay pots (about 20,000 years ago) and later (about 7000 years ago) to work with
metal. It would be time for the appearance of codes to preserve these more permanent communities.

The first written records, about 5,000 years ago in Mesopotamia, made little mention of fire.! It is thus
presumed that there was little concern for its use or misuse. Perhaps this was because all members of a
family were well versed in the art of using fire, preserving it, and regenerating it when needed. It is
noteworthy that there were two types of words for fire: one for intentional fires, another for dangerous
ones. However, the hazard of a house fire was not regarded as paramount. Buildings were small and
generally constructed of stone or mud brick, since these materials were readily available. With the small
number of people and the ready availability of land, the dwellings were not tightly spaced. If a fire
started, the interior wood framing (if any), the thatched roof, and the contents were lost, since there was
little water available to quench the flames. Attempts to protect neighboring houses depended on wet
cloths and a limited number of buckets of water. People had long since learned the use of firebreaks for
clearing land intentionally, and these were used to contain fire spread in the residential clusters. The
Code of Hammurabi (about 1780 BC), a collection of rules for everyday life that also reflected the serious
crimes of the era, had no mention of fire prevention or arson. However, theft of goods during a fire was
punishable by death in that fire. The first mention of an arson penalty (full reparation) appears in the laws
of the Hittites, some 100 years to 600 years later, but there was still no text on controlling fires. In short,
destruction by fire was not the most severe threat facing these early communities, and their only weapon
against it, water, was not plentiful on short notice.

The citizens of Rome appear to have had the first formal building code for fire safety, and the Roman
penchant for engineering provided a supply of water to attack fires." The code required that houses could
not be built too high, separations of at least 2} feet, and means of escape. Tenants were often required to
have a bucket of water in their flats, and intentional fires within those flats were often forbidden.
Nonetheless, over 40 large conflagrations were recorded between 31 BC and 410 AD, including the
famous fire in 64 AD during which the emperor Nero supposedly fiddled while one third of the city was
destroyed. The city of Rome also had an official fire brigade and, because it was unable to cope with its
charge, several private brigades arose as well. These featured intensive patrols to catch fires early and
bucket brigades with access to the city’s superb aqueduct system. Of course, virtually none of this existed
in the Empire outside of the capital city.

Pre-industrial Europe continued to have numerous major urban conflagrations even past the Middle Ages
(e.g., London, 1212; Venice, 1514; London, again, 1666; Rennes, 1720).1 Most urban construction was
now of wood and clay, which were cheaper than stone and brick. This was the era when the latter began
to connote wealth, in large part due to the ability of the rich to afford fire safety. Buckets of water were
still the only major means for stopping fire spread. In urban areas, legal measures were often instituted to
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bolster this limited capability. In the event of a fire, people were to leave the building and sound the
alarm immediately; there were severe fines for removing their possessions first.

In the rural areas, fire control reflected an earlier time. The crime of arson, resulting from a grudge or as
a threat to extort money, was considered second only to murder in severity and was punished accordingly.

An enabling breakthrough in fire suppression came in the late 17" century, with the invention by Jan van
der Heyden of Holland of the rollable fire hose. In 1725, Richard Newsham of London patented an
improved pump design that could take advantage of van der Heyden’s hoses. Soon a variety of hand
pumps were devised to move water (still the suppressant of choice) efficiently from a city reservoir to the
fire. During the Industrial Revolution in the mid-nineteenth century, these pumps became combustion-
powered.

Nonetheless, for the remainder of that century, large city fires continued to be a problem (e.g., Hamburg,
1842; Newcastle, 1854; Chicago, 1871; Boston, 1872). Life loss was significant, as city population
densities rose and the buildings became taller, wider, and more densely situated. The San Francisco fire
of 1906 was the “last” of the major urban conflagrations. This diminution is attributed to the rise of brick,
concrete and steel for urban construction, the spreading of residences (e.g., detached houses with yards),
and general adoption of improved fire fighting technology and procedures. Water continued to be the
only suppressant.

The scientific and technologic revelations of the 18" and 19" centuries led to new capabilities for the
control of fires. In particular, James Watt’s invention of the steam engine in 1769 led to two major
innovations. In 1812, William Congreve received a patent for a steam-driven, perforated pipe water
distribution system. In the middle of the century, the fusible link and self-opening valve were added,
making the system fully automatic. In 1852, Moses Latta produced the first steam-powered, self-
propelled fire engine, and the first commercially successful ones followed in 1867. Now there were ways
to bring water, still the predominant suppressant, to the fire. It thus became possible to react in time to
save a complex commercial or residential structure and many of the people within. The installation of the
first automatic sprinklers in the U.S. and England in the late 19" century began bringing the water directly
into the building.> This provided faster response and further containment of the fire damage. What
remained was the development of technology to assure the safety of the contents.

1.3 THE RISE OF THE HALONS

Just after the turn of the 20™ century, another scientific advance stimulated just this capability. The prior
years had produced breakthroughs in the understanding of the electrical behavior of solutions. Now, a
process for the electrolysis of salt water enabled a large supply of inexpensive chlorine. This was used to
make carbon tetrachloride (CCly), which soon came into use as a fire suppressant.

CCly, was the first clean agent; that is, unlike water, it caused no damage to a building or its contents and
left no residue itself. It was also the first halon, halon 104 (see below). Like water, it was what is now
called a streaming agent, i.e., it was squirted at the fire or was thrown at the fire in frangible containers,
called grenades. However, concerns soon arose about its toxic effects on firefighters and others at the fire
scene. The chemical had briefly seen use as an anesthetic, a practice that stopped when it was found that
the difference between the amount which produced unconsciousness and that which produced death was
small.* There was also an awareness of interaction with the large amounts of alcohol that firefighters
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consumed often before, during, and after their efforts at the fire scene. Nonetheless, the use of carbon
tetrachloride continued through World War II, in which it was used extensively.’

By this time, the chemical similarities of the elements within a column in the periodic table were well
known, and soon the neighboring halogen, bromine, was also considered as a possible component of fire
suppressant compounds. Methyl bromide (halon 1001) appeared in the 1930s in the U.S., but did not find
much acceptance, since it was found to be more toxic than CCl,. The Germans developed and used
chlorobromomethane (halon 1011) as their clean suppressant of choice during World War II. It was more
efficient than halon 104, and after the war it found broad use elsewhere.’

Recognition of the need to consider agent toxicity was another milestone in the evolution of fire
suppression technology. The drawbacks of water had been operational in nature, e.g., mechanical hurdles
to overcome in its bulk transport to the fire, damage to building contents. Now the suppressant itself
would need to be examined for its possible effects on fire fighters and building occupants. Clearly, the
value system of this era appreciated the benefits of these new halogenated agents in protecting property
and people. Some selection from among the effective halocarbons was in order, and toxicity was the new
criterion on the list.

In 1948, the U.S. Army commissioned the Purdue Research Foundation to search for a suppressant of
high fire suppression efficiency but low toxicity.” The Army coined the term “halon,” short for
halogenated hydrocarbon, and devised the naming system that shows the numbers of the types of atoms in
the molecule in the order: carbon, fluorine, chlorine, bromine, iodine (terminal zeroes dropped). During
the 1960s and 1970s, two of the compounds tested emerged as commercial successes. Halon 1301
(CF;Br) found widespread use as a total flooding agent; i.e., it dispersed throughout a space, quenching
flames regardless of location. (To a lesser extent, halon 2402 (C,F,Br,) was used in this capacity, mainly
in the Soviet Union and Italy.) Halon 1211 (CF,CIBr) became the predominant streaming agent.

As the use of these chemicals increased, there were additional research, testing, and assessments
performed, for example:

o In the 1960s and 1970s, extensive engineering studies developed information needed to
design systems for implementation of the halons.

e In 1966, the National Fire Protection Association established the Halogenated Fire
Extinguishing Agent Systems Committee. In 1973, NFPA issued Standard 12A for halon
1301 systems and Standard 12B for halon 1211 systems. Much of the data to support these
standards came from research and testing conducted at industrial laboratories, such as Factory
Mutual, ICI, and DuPont.>’

e In the 1970s, research at the U.S. Bureau of Mines® was directed at obtaining a better
understanding of the mechanisms of halon 1301 that could guide its use as a suppressant for
methane explosions in mines. At the U.S. Naval Research Laboratory’, related fundamental
research on halon 1301 was sponsored by the Naval Air Systems Command as part of a
search for a more efficient extinguishing agent for in-flight fires.

e In 1972, the U.S. National Academy of Sciences held a Symposium to examine the state of
knowledge on the toxicity and engineering applications of the halons.'” The purpose was to
provide "an up-to-date basis for intelligent selection of which, if any, of the halogenated
agents should be used in a given set of circumstances." A summary of that symposium
indicated that the halons were effective fire extinguishment agents, with the degree of
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effectiveness depending greatly on the application. There was an awareness of toxicological
risks from exposure to both the halons themselves and their decomposition products that were
formed during the application of the chemical to the fire.

e In 1975, a symposium was held to examine the basic processes occurring in flames inhibited
by the halons, leading to the inference of the mechanisms of flame suppression. "’

Halon 1301 had turned out to be very efficient at quenching fires, as shown in Table 1-1. Because of the
small amount needed, because it did no harm if deployed accidentally, and because it could put fires out
before any significant damage occurred, halon 1301 systems were increasingly installed to protect
contents of special value and spaces in which storage weight and volume were at a premium. By the
1980s, most computer rooms, nearly all commercial and military aircraft, and numerous museums were
protected by these halon systems. As a footnote, their acceptance signaled the end of the use of CCl, as a
fire suppressant, a prophetic result, as it was later determined that carbon tetrachloride was a carcinogen.

Table 1-1. Flame Suppression by Halon 1301 and Other Chemicals (volume %).

Flame/Fire Halon 1301 HFC-227 ea Carbon Dioxide
Small diffusion flame 3.1" 6.6 " 21"
Pool Fire (10 s extinguishment) 4 82 --
Wood 3.0° 58" -
Fiberglass/polyester resin 357 -- --

1.4 THE ATMOSPHERIC THREAT

In 1974, F. Sherwood Rowland and Mario Molina published a paper showing that certain chlorinated
compounds (chlorofluorocarbons, or CFCs), while playing beneficial roles as, e.g., coolants and solvents,
posed a threat to the global environment. These compounds had long lifetimes in the earth's lower
atmosphere, or troposphere. Eventually, they would rise to the stratosphere, where they were readily
photodissociated by short wavelength ultraviolet (UV) light. There, the chlorine atoms aggressively
catalyzed the conversion of ozone, which absorbed solar UV light and protected the earth's flora and
fauna from excessive UV radiation, to ordinary oxygen, which provided no such protection. Unchecked,
this could result in major changes in life on the planet.”” Subsequent atmospheric measurements and
modeling showed that the threat was real. Rowland and Molina were awarded the Nobel Prize in
Chemistry in 1995.

The nations of the world moved toward an international agreement to protect the environment, the
Montreal Protocol on Substances That Deplete the Ozone Layer.'® As the agreement was being forged, it
was realized that some brominated compounds were potentially even more dangerous than their
chlorinated cousins,'” and the halons (with the name mistakenly used to mean only brominated and
chlorinated perhalocarbons) were named explicitly. Their production was curtailed sharply in
amendments to the U.S. Clean Air Act of 1990. As of January 1, 1994, under the 1992 Copenhagen
Amendments to the Montreal Protocol, halon 1301 was banned from production, except in certain
developing countries and countries whose economies were in transition.

The dense and growing population had been informed of a threat on a global scale, and the nations of the
world had clearly decided that fire safety must be weighed against other cultural values. For the fire
safety community, this was a new paradigm. The prior bounds on saving lives, property and the
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community had generally been local: budgets limitations, interferences with other social amenities, etc.
Now, the protection of the planet as a whole took priority over local safety, which presumably could be
provided in some other manner.

Even as the search for alternative fire suppressants was underway, usage was declining markedly. Major
releases of the halons were from firefighting training, fire extinguishment system testing, and leakage
from the storage containers. By the early 1990s, alternatives for training and testing had been identified.
There were also approaches to fire protection that did not rely on clean agents, e.g., a number of facilities
converted to automatic sprinklers. In some cases, fire suppression became unnecessary. For instance,
with small and inexpensive computers able to do much of the work previously done by large mainframe
units, it was less costly to back up the computer than to provide fire protection.

Halon 1301's exceptional performance and success over the years had resulted in minimal research into
alternatives for fire suppression. After a period of bewilderment, denial, and indecision following the
1987 Montreal Protocol, manufacturers and users of the halons began searching for safe replacements and
alternatives. The early solutions were identified during the quest for replacement refrigerants, a far larger
commercial market. Some of these, such as the hydrochlorofluorocarbons (HCFCs) were ozone depleters
themselves and were soon generally disregarded as fire suppressants. An early brominated compound,
CHF,Br (halon 1201), was found to have a fire suppression efficiency comparable to halon 1301, but
even though its ODP value was far lower than that of halon 1301, it was above that permitted by the U.S.
Clean Air Act. For a variety of applications, chemical manufacturers began increased production of
hydrofluorocarbons, or HFCs, which had no bromine or chlorine atoms and thus zero ozone depletion
potential (ODP) values."'® These were far less effective fire suppressants, but appeared to have no harmful
atmospheric effects. Other commercial products included mixtures of inert gases, also less efficient
suppressants, and blends of halocarbons.

The U.S. Department of Defense (DoD) had come to rely heavily on halon 1301 systems, in particular,
for fire protection in its numerous ground, sea, and air systems, as shown in Table 1-2."

These uses encompass a wide range of fire conditions. The locations vary in size, shape, function, and
whether or not they are populated. The fuels are solids, vapors, and liquids; the latter burning as pool
fires or sprays. The required time for suppression ranges from hundredths of a second to tens of seconds.
In some cases, the agent must be "clean" and in others, not. The hazards to be avoided include harm to
people, thermal damage to equipment, post-fire corrosion, loss of visibility, and overpressure. Finding a
"one-size-fits-all" fire suppression approach to replace halon 1301 was highly improbable.

I The ozone depletion potential of a gas is defined as the change in total ozone per unit mass emission of the gas, relative to the
change in total ozone per unit emission of CFC-11 (CFCly).
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Table 1-2. Use of Halon 1301 in Fielded Weapons Systems.

Army Navy Air Force

Ground Crew compartments Crew compartments
Armored Engine compartments Engine compartments
Vehicles
Shipboard Maritime craft Propulsion machinery

Flammable liquid storerooms

Fuel pump rooms

Emergency generator rooms
Aircraft Engine nacelles Engine nacelles Engine nacelles

APU compartments Dry bays Dry bays
Fuel tanks Fuel tanks
Crew compartments Weapon bays
Cargo bays

Facilities Communications shelters General facilities General facilities
Hand-held Air/ground/maritime Multiple uses
Extinguishers

The U.S. Department of Defense was, and continues to be, committed to reducing its dependence on
halon 1301 and made great strides in this direction by eliminating non-essential uses, totally revamping
its fire suppression system testing, certification, and recycling procedures, and replacing halon systems
with alternative technologies where possible. Nonetheless, there remained some applications where no
substitute chemical or system was judged satisfactory, and several others where the identified alternatives
were saddled with serious deficiencies. One of these applications was for military aircraft, which were
particularly vulnerable to fire during combat and also needed in-flight fire protection during routine
missions, a need shared by the commercial fleet. Further research would be needed to identify effective
alternate fire suppression technologies.

The DoD delineated its policy on halon replacement research early in 1989.2° The Directive stated that:

e DoD Components "... shall conduct R&D to identify or develop alternate processes,
chemicals, or techniques for functions currently being met by CFCs and halons;"

o The Director, Defense Research and Engineering (DDR&E) "... shall coordinate R&D
programs, as appropriate, on alternative chemicals or technologies for fire and explosion
suppression and, if necessary, other CFCs;" and

e The Military Departments and Defense Agencies "... shall conduct R&D programs, as
needed, to support mission requirements, with emphasis on substitutes for halons."

From 1993 to 1998, the DoD conducted a major program on ozone-depleting substances (ODSs), the
Technology Development Program (TDP). It focused on the identification of near-term, environmentally
friendly, and user-safe alternative fluids, developed by industry, that were either readily available or could
enter commercial production in the near future. The TDP research was successful in identifying
replacements for the non-firefighting ODSs.

However, despite the examination of a wide range of chemicals in the laboratory and at real scale, none of
the available alternatives offered all the needed properties of halon 1301. The best available replacement
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chemicals were two HFCs: C,FsH (HFC-125) onboard aircraft and C;F;H (HFC-227ea) for shipboard
use.”! These were substantially less efficient fire suppressants and thus required two to three times the
mass and storage volume relative to halon 1301. This would severely compromise their implementation,
given the tight weight and space limitations. In addition, their use would result in a post-deployment
atmosphere containing appreciable concentrations of acid gases, that was not suitable for human
occupancy, and that could chemically attack metals, synthetic materials, and electronics. Nonetheless,
some engineering was conducted to adapt the use of these chemicals for some platforms. One alternative
approach that showed some promise was the use of solid propellant fire extinguishers. Similar to the
units developed for automobile airbags, these systems rapidly generated large quantities of inert gases.
They were considered for use in aircraft dry bays, where people would not be exposed to the resulting

sub-habitable oxygen levels.

At the then-current state of the technology, the DoD was faced with three options, each with significant
and undesirable trade-off considerations. The use of dissimilar fluids required costly re-engineering of
both the fire suppression system and the host weapon system. The vintaging of fielded weapon systems
required indefinite dependence on a substance that was no longer in production and which was subject to
future environmental regulations. The abandonment of fire protection altogether was not feasible, since
personnel safety and weapon systems survivability are high DoD priorities. Recognition of these
limitations led to a decision to formulate a successive research program focused on improved options for
fire suppression in fielded weapons systems.

However, even before replacements for the CFCs and halons could be implemented, an additional threat
to the global environment was identified. Since the middle of the 20™ century, there had been concern
that anthropogenic carbon dioxide was increasing in the lower atmosphere. Its increasing absorption of
infrared radiation from the planet surface and re-radiation back to that surface would lead to warming of
the earth. The term “greenhouse gas” was created, and it was soon realized that most of the replacements
for clean fire suppressants fell into this category.”” This added yet another constraint to the search for the
successors to the halons.

As an interim measure, the DoD (among other organizations and governments in about 20 countries™)
had created "banks" of halons 1301 and 1211 as a means of continuing protection during the search for
alternatives. In 2000, the systems and banks were estimated to contain about 90 million pounds of halon
1301 and about 300 million pounds of halon 1211. It was estimated that the emission rate from fixed
systems was about 2 % of the banks' capacity per year, and the rate from portable extinguishers was about
4 % of the banks' capacity per year.”* It is these banks from which supplies are still drawn as the halons
are deployed in theaters of conflict.

The security of such banks, however, is not assured. The few essential uses for ODSs allowed by
international agreement were conditional on continued efforts to find environmentally benign alternatives.
Furthermore, in 1994, the United Nations Environmental Program (UNEP) announced that just after the
turn of the century, the mass of chlorine and bromine (and the accompanying ozone depletion) in the
stratosphere would have peaked and would begin to diminish.”> Their report also identified four principal
actions that would speed this decrease. The second most effective of these was the non-release of all
halons currently in existing equipment. This was a clear signal to the fire protection community that the
world was watching the effort to identify and implement alternatives to the halons and that an accelerated
phase-out was a clear possibility. In related activity, research was underway to develop processes for the
economical conversion of the halogenated hydrocarbons into other useful chemicals.
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At the time of publication of this book, the global average ozone depletion has stabilized. The ozone
layer is now expected to begin to recover in the coming decades. **

1.5 HISTORY OF THE NGP

To ensure the safety and mission capability of U.S. forces and to preclude any long-term halon use
restriction impacts, a new DoD technology program was formulated.”® The Next Generation Fire
Suppression Technology Strategy Program (NGP) had as its goal:

"to develop and demonstrate, by 2004, retrofitable, economically
feasible, environmentally acceptable, and user-safe processes,
techniques, and fluids that meet the operational requirements currently
satisfied by halon 1301 systems in existing weapons systems."

The emphasis was on retrofit, i.e., developing technologies that could readily be installed on existing
weapons systems.” This led to an oversimplification of the task, by some observers, as a search for a
"drop-in" replacement chemical. In fact, the NGP included examination of technologies that could
improve the performance of a chemical whose inherent fire suppression efficiency was only mediocre
relative to that of halon 1301, approaches that used granular materials, rather than compressed fluids, and
even technologies that used no active suppressant at all. The Program would be complete when the
generic know-how existed to design cost-effective alternates to halon 1301 systems.

The concept of the NGP was created by Dr. Donald Dix and Mr. Paul Piscopo of the Office of the
Secretary of Defense. Planning began in 1994, and the Program was initiated in fiscal year 1997.
Oversight and guidance of the Program was provided by a DoD Halon Alternatives Research and
Development Steering Group (HASG). The HASG was chaired, in turn, by Dr. Dix and Mr. Piscopo.
The membership consisted of representatives from the DoD agencies with responsibility for fire
suppression research and development, testing, and implementation of new technology. The U. S.
Environmental Protection Agency (EPA), which approved suppressants based on their environmental
impact and safety during exposure, provided a liaison to monitor DoD development of alternatives to
halon 1301.

The principal sponsor of the NGP was the DoD Strategic Environmental Research and Development
Program (SERDP), directed initially by Dr. John Harrison and subsequently by Mr. Bradley Smith. The
SERDP Pollution Prevention (later Weapons Systems and Platforms) Program Managers were Dr. Carl
Adema, Dr. Robert Holst, and Mr. Charles Pellerin. The NGP was Project WP-1059.

The author of this chapter had the privilege of serving as the Technical Program Manager for the duration
of the NGP. Providing additional scientific and pragmatic expertise was a Technical Coordinating
Committee, whose membership evolved over the life of the Program: Mr. Lawrence Ash and then Mr.
Donald Bein of the Naval Air Systems Command, Dr. Michael Bennett of the Air Force Research

i Although not explicit in the goal statement, the presumption was that the new science and improved approaches to fire
suppression would also be adaptable to the design of future weapons systems. The economics of adapting the new knowledge
would likely be more restrictive for an existing aircraft, ship, or ground vehicle; and it was recognized that some expensive-to-
retrofit technologies might not be pursued within the NGP, although they might be more viable economically for new weapons
systems.
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Laboratory and then Mr. Martin Lentz of the Air Force's 46™ Test Wing, Dr. William Grosshandler of the
National Institute of Standards and Technology, Dr. Andrzej Miziolek of the Army Research Laboratory,
and Dr. Ronald Sheinson of the Naval Research Laboratory. Administrative support for the NGP was
provided by Gamboa International Corporation.

The NGP was a closely integrated research program whose potential for success was maximized by
bringing together the nation's best scientists and researchers in fire suppression and associated
technologies, with extensive interactions between the technical disciplines and the project principal
investigators. The research was organized into six technical thrusts:

1. Risk Assessment and Selection Methodology: development of a process for program
managers to choose among alternative technologies for each application.

2. Fire Suppression Principles: establishment of the mechanisms of flame extinguishment,
leading to new approaches for fire control.

3. Technology Testing Methodologies: development of test methods and instrumentation to
obtain data on the effectiveness, toxicity, environmental impact, and materials compatibility
of new suppressants and their principal degradation products during fire extinguishment.

4. New Suppression Concepts: definition of new ideas in processes, techniques, and fluids for
fire suppression based on chemical and physical principles.

5. Emerging Technology Advancement: acceleration to maturity a variety of processes,
techniques, and fluids that are currently under development.

6. Suppression Optimization: development of the knowledge to obtain the highest efficiency of
each candidate technology.

While the early NGP research was underway, the military services were pursuing solutions, based on
TDP technology, for some of the DoD platforms. The Army had identified fire suppression technologies
for both current and planned ground vehicles that needed only engineering for implementation. The Navy
had no plans to retrofit current ships and had initiated a research program on water mist technology for
forward fit.

However, the aircraft safety and survivability engineering teams from all three Military Services had fire
suppression needs for engine nacelles and dry bays that were not being addressed by Science and
Technology (S&T) efforts outside the NGP. Thus, in 1999, the goal for the NGP was refined:

"to develop and demonstrate technology for economically feasible,
environmentally acceptable and user-safe processes, techniques, and
fluids that meet the operational requirements currently satisfied by halon
1301 systems in aircraft." *’

In this revised statement, there was recognition that the NGP, as the only DoD S&T program in this field,
should develop the technology base for both existing and planned aircraft. The deliverables, in addition
to a well-documented science basis, were to be:

1. Identification of the best chemicals to consider as alternatives to halon 1301 for extinguishing
in-flight fires in engine nacelles and dry bays;
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2. Guidance for engineering the fire suppression system to obtain the most efficient use of the
suppressant chemicals;

3. Development of practicable non-fluid-based suppression technologies; and
4. Creation of means for deciding among candidate solutions for a given application.
The documentation was to include not only those tests, models, and computations that led to improved

firefighting capability, but also those that were not promising. This documentation would then serve as a
resource for those who entered the field in future times.

Realization of the difficulty in searching for an effective fire suppressant system comes from viewing an
aircraft engine nacelle (Figure 1-1)." A dry bay is no less complex.

lind

Y|

>

Bundles
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clutter

dense
clutter

(Cold) Air
Flow >

Figure 1-1. Interior of an Aircraft Engine Nacelle.

The suppressant is injected, at a small number of points, into this annular space between the pictured
engine exterior and the outer, cylindrical housing (not shown in the figure). The agent must fill the
annulus, reach all the nooks and crannies, and put out the flames from a fire in any location, all before the

cold air flow flushes the chemical from the nacelle.

Scientists and engineers were thus looking for compounds that had:
e High fire suppression efficiency
e Effective quenching of flame re-ignition

e Low ozone depletion potential (ODP)

il An engine nacelle is the housing of an aircraft jet engine. The exterior is aerodynamically smooth, while the interior has
ribbing that provides the structural strength for the nacelle.
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e Low global warming potential (GWP)"

o  Short atmospheric lifetime"

e Low suppressant residue

e Low electrical conductivity

e Low corrosivity to metals

e High compatibility with polymeric materials

e Stability under long-term storage

e Low toxicity of the chemical and its combustion and decomposition products

e High speed of dispersion

The research on advanced fire suppression processes, technologies, and fluids encompassed 42
interrelated projects. Many of these were outlined in the original NGP Strategy Document and were
structured by successful proposals in an open competition. These were complemented by solicitations for
proposals of new ideas. The remaining projects were commissioned by the Technical Coordinating
Committee, with approval of the HASG and the sponsor, based on the outcome of the prior projects and
newly acquired understanding of the additional research needed to meet the NGP goal.

Figures 1-2 through 1-5 depict the relationships between the projects and their relationships to the NGP
deliverables. Cyan boxes are projects that were performed, red boxes indicate projects that were planned
but not performed, the yellow box represents work in progress elsewhere at the time of this book, and
orange boxes depict the deliverables. An asterisk (*) notes projects that appear more than once.

As the research progressed, the findings were published in archival journals, issued as DoD reports, and
presented at technical meetings. Prominent among these meetings were the annual Halon Options
Technical Working Conferences (HOTWC), founded by Dr. Robert Tapscott of the New Mexico
Engineering Research Institute. Attendance at these meetings included domestic and international
representatives of weapons platforms manufacturers, the military services' safety and survivability teams,
civilian customer for fire suppression systems, fire suppression systems manufacturers, and members of
the national and international fire research and engineering communities. Eventually, when this key
meeting lost its original host, the NGP assumed the responsibility for the organization and conduct of the
meetings and for the publication of the cumulative papers. **

' The global warming potential of a gas is defined as the change in irradiance at the tropopause (the boundary between the
stratosphere and the troposphere) per mass of the gas emitted relative to the change in irradiance per mass of carbon dioxide.

¥ Faced with two chemically different effects of compounds on the environment, it was recognized that a broad approach to
minimizing atmospheric perturbations was advisable. Atmospheric lifetime is an indicator of the potential for released
chemicals to be degraded or removed from the environment before they could effect harm. It is the time, after its initial
emission into the atmosphere, it takes for the compound to decay to 1/e (37 %) of its original concentration.
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1.6 THIS BOOK

There are multiple reasons behind the preparation of this book. First, as the search for alternative
technologies began, reports of much of the prior work were not readily available. Some were out of print,
some had only been issued for limited distribution, and other studies had not been fully documented.
Second, building on increased knowledge of the fundamentals of fire, the NGP and contemporary studies
re-defined the field. However, many of these reports were interim reports or were, for other reasons, not
documented in the archival technical literature. Third, the large number of NGP reports makes it difficult
to understand how the many projects combined to advance the science and engineering of fire
suppression. Finally, it is the intent of the authors and sponsors to document this national research effort
such that future researchers and engineers who work in this field (and we firmly believe this will arise
again) will have an organized archive from which to begin their work. To this end, the authors of the
chapters of this book have compiled, edited, and enhanced the contents of the numerous documents
generated under the NGP. As appropriate, they have added information that puts this material in context.

The structure of this book is as follows. Chapter 2 presents an overview of how aircraft have been (and
are) protected from the consequences of in-flight fires. Chapter 3 presents what NGP scientists have
learned about the chemical suppression of flames. Chapter 4 discusses the properties of suppressant
aerosols that contribute to (and detract from) efficient flame quenching. Chapter 5 summarizes the
instrumentation the NGP developed for learning about and monitoring fire suppression processes,
especially in real-scale tests. Chapter 6 describes the NGP approach to screening chemicals for their
potential as alternatives to halon 1301. Chapter 7 describes the process and results of examining
numerous chemicals. The amount of a chemical required to extinguish fires in full-scale engine nacelles
and dry bays also depends on the geometry of the test fixture, the air flow field within the nacelle, the
effectiveness of the mixing of the suppressant into this air flow, and the manner in which the flame is
stabilized. These factors are separate from the properties of the suppressant itself. They are discussed in
Chapter 8 for suppressants that are stored as compressed fluids and in Chapter 9 for agents that are
powders or are delivered by chemically generated impulses. Chapter 10 presents a formalism for
considering the life-cycle costs of alternative installed fire suppression systems, to be used in the
implementation decision process by aircraft platform managers. Chapter 11 summarizes the key lessons
learned during the conduct of the NGP and how they were verified with real-scale experiments. Readers
might find the first part of this chapter useful to read first, providing an overview of the results of the
technology presented in the rest of the volume. Chapter 12 establishes where the NGP has brought the
field of fire suppression science and engineering and identifies the challenges that remain. Three
appendices provide lists of the NGP projects and publications and acknowledge those who assisted with
the preparation of this volume.
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21 FIRE THREATS TO MILITARY AIRCRAFT

Safety and survivability drive the requirements for fire suppression in aircraft. Whereas safety is
concerned with mitigation of hazards associated with system or component failures or human error,
survivability relates to susceptibility and vulnerability to threats directed at the aircraft. A fire is deemed
a safety-related fire when it results from component failures, which may be due to inadequate design, a
mechanical failure mechanism such as fatigue, or maintenance error, and results in either a flammable
fluid contacting an always-present ignition source, or the failures themselves provide both the flammable
fluid and the ignition source. Fires that relate to aircraft survivability are those that are ballistically
induced in areas on an aircraft that, if not protected by some means, are vulnerable to fire or even
explosion. Extensive literature compilations by the National Advisory Committee on Aeronautics
(NACA) summarize investigations since 1922 of aircraft fire problems, fire prevention measures, fire
detection, fire suppression, fuel tank explosion hazards, and inerting. These indicate that what was then
the War Department had been addressing the field of aircraft fire protection at least as early as 1927."% In
1938, just prior to World War II, the issue of in-flight power-plant (engine compartment) fires led to the
Civil Aeronautics Administration (CAA) expanding its fire test program to include fire extinguishing to
mitigate the hazards associated with these fires.> Review of the combat data from World War II indicated
that, in order, damage to engines, cooling and lubrication subsystems, fuel system, and flight control
systems were to likely lead to aircraft loss, and that the majority of aircraft lost were on fire.*

Surveys conducted after World War II documented the obvious need for lower volatility fuels and
separation of flammable fluid-carrying components from ignition sources with the engine emphasized as
the principal ignition source.” It was also then recognized that during flight the fuel-air mixture within
fuel tanks could be alternately combustible and noncombustible, depending upon flight conditions.
However, engine failures were still found to be the most frequent cause of flammable fluid ignition by an
ignition source in flight.® It is no surprise that years later, analysis conducted by the United States Navy
(USN) indicated a similar outcome: non-combat in-flight fires, i.e., safety-related fires, occurred
predominately in engine compartments, as illustrated in Figure 2-1.

The combat environment exposes military aircraft to ballistic and higher-level threats that, until recent
years, have not been experienced in U.S. commercial aviation.” These threats can be incendiary or non-
incendiary. The military conflicts in Korea and Southeast Asia and analysis of aircraft combat loss data
from those conflicts indicated that the fires due to fuel-system-related damage were becoming the
predominant fire vulnerability, as aircraft were lost mainly due to hits on the fuel system.* Analysis of
aircraft losses suffered during the Vietnam conflict indicated generally that half were due to fuel fires and
explosions, and that half of those were attributable to fuel explosions in dry bay areas on aircraft.®

As illustrated in Figure 2-2, dry bay areas along with the fuel tank ullage, which can itself contain a
flammable fuel-air mixture, are vulnerable to ballistic threats.” From the aircraft survivability design
perspective, the fuel tank ullage and dry bay compartments contribute to an aircraft’s ballistic vulnerable
area. Incendiaries released from a ballistic round that penetrate the ullage can result in ignition of fuel
vapor. A ballistic round entering into a dry bay adjacent to a fuel tank, and that also penetrates a fuel tank
or other flammable fluid component, can cause fuel to leak and be ignited within the dry bay when
incendiaries are released.

i Dry bays are void areas on aircraft adjacent to fuel tanks or can be areas containing flammable fluid-carrying components.
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i Forty-nine percent (49 %) of the fires represented in the electrical equipment bar in Figure 2-1 occurred on one aircraft
platform type within the aircraft cabin and were readily extinguished by either securing electrical power to that equipment or
by use of on-board portable fire extinguishers. Also in Figure 2-1, ECS is an acronym for Environmental Control System.
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Table 2—1 provides a generalized evolution of tactical and rotary aircraft vulnerability based on live fire
testing (LFT) vulnerability assessments for armor-piercing incendiary (API) threats.'” Though aircraft
vulnerable areas have decreased over the years, as depicted notionally in Figure 2-3, fuel systems remain
a significant vulnerability issue and drive the need for vulnerability-reduction measures such as fire
suppression for aircraft dry bay compartments as well as for engine compartments.

Table 2-1. Evolution of Aircraft Vulnerability Based on Live Fire Test
Vulnerability Assessments (APl Threats)."

Aircraft Vulnerable Area Vulnerable Area
Category, System Percentage Percentage
Tactical Aircraft 1960s through 1970s Current
Crew 8 % 10 %
Propulsion 54 % 5%
Flight Controls 11 % 5%
Fuel System 25% 75 %
Structure 1% 2%
Other 1% 3%
Rotorcraft 1980s Current
Crew 1% 3%
Propulsion <1% 2%
Drive System 15 % 20 %
Flight Controls 38 % 33%
Fuel System 30 % 42 %
Structure 16 % -
Other - <1%

System Vulnerability:
O Crew

Propulsion
Drivetrain
Flight Controls
Fuel System
Structure
Others

HEOEQOO @

1980’s State of the Art
Rotorcraft Rotorcraft

Figure 2-3. lllustration of Notional Reduction in Overall Rotorcraft Vulnerable Area.

¥ Figure 2-3 and the percentages in Table 2-1 were provided by the Naval Air Warfare Center Weapons Division, Aircraft
Survivability, and are printed with permission of the Naval Air Systems Command.
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The susceptibility of aircraft to engine fires combined with the combat vulnerability to fuel-system-
related fires cannot be overstated. Based on United States Air Force (USAF) experience, the combined
historical cost from 1966 through projected cost through 2025 of aircraft loss due to fire from both
operational and combat losses has been estimated as over $30 billion. The cost to provide fire
suppression for that same period has been estimated at less than $1 billion.!" Chapter 10 provides further
discussion of life cycle cost of aircraft fire protection.

In terms of personnel safety, the fire risk is obvious. However, in terms of crew survivability in combat,
the need for fire suppression takes on an added dimension. Figure 2-4 shows known ejection locations of
U.S. Navy aircrewmen who subsequently became prisoners of war (POW) during the Vietnam conflict,
and Figure 2-5 shows locations of Navy rescues of Navy aircrewmen during that conflict."> It had been
estimated that the difference in terms of time was typically 5 min flight time between ejection locations
and rescue locations. Thus the ability to provide fire suppression capability to address both predominant
operational failure threats as well as combat threats is likely to increase aircrew survival and recovery.
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Figure 2-4. Known Ejection Locations of Figure 2-5. Locations of Navy Rescues
Navy Aircrewmen Who Became POWs of Navy Aircrewmen During the
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During the Southeast Asia Conflict. t.'?

Southeast Asia Conflict.
The remainder of this chapter describes not only the aircraft compartments that were the primary focus of
the United States Department of Defense’s Next Generation Fire Suppression Technology Program
(NGP), but also provides general summaries of all the various types of compartments on aircraft for
which halon fire suppression has been implemented. This has been done so that the reader is reminded
that, although the focus of the NGP addressed those compartments for which, statistically, the fire threat
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has been the greatest, the work of the NGP is likely to influence in the future how fire suppression is
applied for other aircraft compartments that may require protection.

The next section includes a brief discussion on various techniques for fuel tank ullage fire suppression,
which was the subject of an exploratory effort during the NGP. This is followed by a summary of the
NGP’s investigation into the types of fires experienced in the compartments that were the focus of the
NGP: engine nacelles, auxiliary power unit (APU) compartments, and dry bays. In particular, this section
provides expanded discussion on the topic of temperature and historical experience related to fire
suppressant releases relative to outside air temperature (OAT) and the nacelle temperature environment.
Next, brief descriptions are provided for the fire suppressants that have been used on aircraft prior to the
efforts to identify halon alternatives that commenced after production curtailments driven by the U.S.
Clean Air Act of 1990 and amendments to the Montreal Protocol. Throughout this entire section, the
word “halon” is used to denote any of the halogenated fire suppressants that have been used in aircraft fire
suppression, except where the particular halon type is noted specifically. Finally, a brief overview of the
Halon Alternative Technology Development Program (TDP) is provided to familiarize the reader with the
“near-term” halon alternatives identified for use in aircraft fire suppression applications, their benefits,
and their limitations, which led to the need for the NGP.

2.2 PROTECTED COMPARTMENTS ON AIRCRAFT

The predominant implementation of halon-1301-based fire suppression on aircraft has been for fire
protection of powerplant-type compartments. These compartments are those that contain engine-type
equipment that require flammable fluids (aviation fuel, hydraulic fluid, and lubrication oil) to generate
propulsion power, such as a turbojet engine that generates thrust power for a fighter jet or a turboshaft
engine that generates shaft power to turn a propeller on a turboprop aircraft or turn rotors on a helicopter.
Powerplant compartments include engine compartments, which are referred to as nacelles, but depending
on the type of aircraft, e.g., transport, cargo, fighter, or helicopter, may also include additional types of
powerplant-type compartments such as APU compartments. Also, depending on the type of aircraft,
halon 1301 has been utilized to provide fire suppression for other compartments, such as dry bays, cargo
compartments, avionics compartments, weapons bays, and fuel tanks. Although the final focus of the
NGP was to address halon alternative fire suppression for engine nacelles, APU compartments and dry
bay compartments, the intent of this section is to familiarize the reader with these compartments as well
as other types of compartments for which fire suppression has been provided on military aircraft.

From the aircraft designer’s perspective, “fire extinguishing” implies that a system is to be designed to
extinguish a fire without subsequent reignition, whereas “fire suppression” implies that reignition can
occur but that the system will suppress the fire until a safe landing can be achieved. However, the phrase
“fire suppression” is used widely throughout aviation as well as in the NGP and its publications to mean
fire extinguishment, except where specifically explained otherwise. The latter convention is followed in
this chapter as well, except where noted otherwise.

2.21 Engine Nacelles

Engine nacelles are the physical compartments on aircraft that house the engines. These compartments
may be integral with the fuselage or mounted externally to the aircraft’s wings. An example of a
turboshaft engine is illustrated in Figure 2-6. The engine itself is physically complex, containing ribs,
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tubing for fuel and bleed air, electrical harnesses, and externally-mounted accessory components (e.g., oil
pump). Integration of an engine into an aircraft nacelle increases greatly the geometric complexity about
an engine, as components and systems that must interface directly with the engine will also reside within
the nacelle. Adding to the complexity of the installation are the dynamic conditions that exist within the
nacelle during aircraft operation. Engine surface temperatures can exceed 538 °C. Ventilation airflow is
required through the nacelle to ensure engine and accessory component performance is not degraded and
is effected by incorporation of air inlets and outlets on the nacelle structure. Depending on the type of
aircraft and flight conditions, nacelle mass airflow rates for DoD aircraft that have been fielded have
ranged from under 0.23 kg/s (0.5 1bs/s) to in excess of 14 kg/s (30 lbs/s) for a fighter aircraft dash
operation."*'*  When the combined integration is considered, the nacelle becomes a geometrically-
complex, turbulent compartment capable of sustaining fire. Additionally, components within the nacelle
and the engine components themselves provide for potential flame holders, recirculation zones, and for
potential areas of stagnation.

Figure 2-6. Example Turboshaft
Engine.

(Reprinted with permission from Rolls-
Royce Corporation.)

Figure 2-7 is an example of a military aircraft engine nacelle. As shown in Figure 2-8, the typical nacelle
fire suppression system installation consists of one or more fire suppressant bottles, located external to the
nacelles, connected to a directional control device that interfaces to distribution plumbing that routes
discharged suppressant to the nacelles. This system may also be designed to deliver suppressant to an
APU compartment. Discharge is effected by the pilot in the cockpit: an electrical signal causes activation
of a pyrotechnic cartridge actuated device (CAD) to rupture a burst disk on the bottle to effect suppressant
release. These systems are typically designed to provide a specified suppressant concentration level (6 %
for halon 1301)" throughout each protected compartment for a minimum of 0.5 s. Figure 2-9 shows a fire
suppression system installation for an engine nacelle in which the suppressant bottle is located in a
compartment adjacent (and external) to the nacelle. Though not typical in currently fielded DoD aircraft,
the fire suppression system bottle may also be located within the nacelle, as shown in Figure 2-10,
increasing nacelle complexity.

¥ Throughout this chapter, where percentages are indicated in discussions related to suppressant concentrations, they are always
referring to concentration by volume.
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Figure 2-7. A Fighter Aircraft Engine Nacelle.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-8. Diagram of an Aircraft Fire Suppression System Installation.?
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Figure 2-9. An Aircraft Engine Nacelle Fire Suppression System Installation, Suppressant
Bottle External to the Nacelle.

(Printed with permission of the Naval Air Systems Command.)
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Figure 2-10. An Aircraft Engine Nacelle Fire Suppression System Installation,
Suppressant Bottle Within the Nacelle.
(Printed with permission of the Naval Air Systems Command.)

22.2 Other Powerplant-type Compartments

In addition to engine compartments, DoD military aircraft may contain other types of powerplant
compartments for which a fire suppression capability is provided, either dedicated or shared with another
fire suppression system on the aircraft. The most common compartment that falls into this category is
that containing the auxiliary power unit (APU). On some aircraft this compartment may also be referred
to as the auxiliary powerplant (APP) or the gas turbine compressor (GTC) compartment. These units may
be miniature turbines or other power generating equipment, but are typically smaller than the normal jet
engine propulsion systems. These units furnish electrical power when engine-driven generators are not
operating or when external power is not available, and they may be used to provide emergency power to
all or some of the aircraft subsystems in the event of an in-flight engine shutdown." These units function
and generate power independently from the normal aircraft engine systems. On the ground, the power
output from the APU is used to generate power to drive a starter unit for engine starting.

¥ Because aircraft power for the fire suppression system may not be available during startup, one fielded rotorcraft model
actually employs a manually activated fire bottle for its APP compartment. A cable is run from the cockpit fire bottle actuation
mechanism, referred to as the T-handle, through overhead cabin compartments, around a two-pulley system, and into the
discharge port of the bottle.
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In addition to or instead of a dedicated APU compartment, there are fielded DoD aircraft that contain an
accessory compartment or secondary power system (SPS), or in the case of a rotary aircraft, a gearbox
compartment. These compartments may contain the APU or other equipment utilized during ground
engine starting and aircraft operation such as a Jet Fuel Starter (JFS) or an Airframe Mounted Accessory
Drive (AMAD). Like engine nacelles, each of these compartments is likely to have ventilation airflow to
ensure proper component performance and, like the main aircraft engines, components like the APU are
potential ignition sources and their integration into the aircraft can present geometric complexities with
respect to fire suppressant distribution. Figure 2-11 is an example of an APU installation on a transport
aircraft. Figure 2-12 is an example of a fighter aircraft accessory compartment. Figure 2-13 is an
example of an aircraft gearbox compartment that also contains an APU. Figure 2-14 is an example SPS
installation on a fighter aircraft. Integration of an APU or similar component into an aircraft accessory,
gearbox, or other powerplant-type compartment results in a complex compartment in which fire may be
sustained, due to either a component failure or, in the case for some aircraft as will be described later,
because the compartment is vulnerable to ballistically induced fires.

APU Fuel Fuel
Light Line Oil Filler Nozzles Upper
Switch Generator Fuel Filter Shroud

Bleed Air
Bleed Air Oil Filter Manifold
Valve Start Motor Oil Tank Exhaust
Muffler

15, vii

Figure 2-11. A Transport Aircraft Auxiliary Power Unit Installation.
(Reprinted with permission of the author.)

"' Several DoD aircraft models are variants of commercial transport aircraft. Such aircraft are referred to within the DoD as
commercial-derivative aircraft.
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Fire Suppressant
Bottle

Figure 2-12. A Fighter Aircraft Accessory Compartment
With Fire Suppression System Installation.
(Printed with permission of the Naval Air Systems Command.)

APU

Figure 2-13. An Aircraft Gearbox Compartment with APU.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-14. A Secondary Power System (SPS) Installation.
(Component callouts spelled out or simplified for clarity.)

223 Dry Bay Compartments

Dry bay compartments, or simply dry bays, are compartments on aircraft adjacent to fuel tanks or are
compartments in which flammable-fluid-carrying components are located. The compartments adjacent to
fuel tanks may contain other equipment, such as avionics equipment, or may be, for the most part, empty.
There may or may not be ventilation airflow. If not empty, a dry bay can be geometrically complex, and
if there is some ventilation airflow, the compartment may be turbulent. One study identified generally
four types of dry bays: wing leading/trailing edge, wing midchord, fuselage fuel cell boundary, and
fuselage forward and aft equipment bays.'” Ballistic threats such as armor-piercing incendiary (API)
rounds or high-explosive incendiary (HEI) rounds can penetrate a fuel tank or fuel-carrying component,
effecting release of flammable fluid into a dry bay. The incendiary released by the round from the
penetration can then ignite the fluid-air mixture. The damage inflicted by a ballistic round may also result
in damage to an aircraft system that can result in a secondary ignition source, such as heated metallic
fragments or arcing from a damaged electrical harness. Figure 2-15 illustrates that dry bay compartments
may be located within the fuselage as well as in wing areas that surround a fuel tank. Figures 2-16
through 2-18 provide examples of actual aircraft dry bay compartments. Figure 2-16 illustrates a dry bay
compartment adjacent to a fuel tank whereas Figures 2-17 and 2-18 show dry bay compartments that also
contain flammable-fluid carrying components.



32 History of Fire Suppression in Aircraft

Dry Bay Locations

'
e
I ) ——— i ——— . ———
IR et a

AN R Tanks !Engine Location J|

-uuui\% O

Figure 2-15. Typical Dry Bay Locations in a Fighter Aircraft.”®

Figure 2-16. A Dry Bay
Compartment Adjacent
to a Fuel Tank; Fire
Detector and Fire
Suppressor Installed
within the Dry Bay
Compartment.

(Printed with permission
of the Naval Air Systems
Command.)
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Figure 2-17. Top View of a Wing Dry Bay
Containing Drive, Hydraulic, and Electrical
Systems Components.

(Printed with permission of the Naval Air Systems
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Figure 2-18. A Wing Leading Edge Dry Bay Containing Hydraulic and Electrical Systems
Components, Leading Edge Structure Removed.
(Printed with permission of the Naval Air Systems Command.)
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There are active and passive approaches for suppressing dry bay fires. An active dry bay fire protection
system must be capable of detecting a fire on a time scale of less than 10 ms and suppressing the fire
within a few hundred milliseconds. In the truest sense, fielding of halon 1301 fire suppression systems
for protection against ballistic threats in dry bay compartments on military aircraft has been limited: no
DoD aircraft have such dry bay fire protection systems, but halon 1301 dry bay fire suppression is known
to be installed on United Kingdom CH-47 Chinook helicopters.'” "' Like halon systems designed to
protect engine nacelles, the fire bottles used for dry bay fire suppression on the CH-47D helicopters also
utilize a pyrotechnic device to rupture a burst disk on the bottle to effect suppressant release, but the
bottles are automatically activated upon receipt of a signal from a pressure transducer — an initiator on the
bottle also effects discharge.”® Figure 2-19 depicts the components of this type of system, which is
referred to as the COBRA system.™ The bottles are much smaller than those fielded for nacelle fire
suppression systems, and the time to discharge agent is on the order of 10 ms, compared to typically 1 s
for a nacelle fire bottle.”! There are, however, DoD aircraft platforms for which halon 1301 is utilized to
protect a powerplant or other type of compartment but in reality the protected compartment is a quasi dry
bay compartment that is vulnerable to a ballistically induced fire; i.e., these compartments are either
located adjacent to a fuel tank or they contain flammable-fluid-carrying components. For a few DoD
platforms, those halon 1301 fire suppression systems are also intended to provide protection against dry
bay fires."’

Passive techniques have been the predominant fire protection approach for aircraft dry bays on DoD
aircraft, which have been implemented either by installation of a physical material to defeat the flame
front, such as reticulated polyether foams and rigid foams, or by installation of panels adjacent to the
compartment that, if ruptured by a ballistic projectile, release a powder suppressant to quench incendiaries
released by the projectile. (In Figure 2-18, powder panels can be seen installed on the wing spar.)
Performance limitations of this latter method were investigated under the NGP and resulted in
development of new design techniques that dramatically improve powder panel protection capability.*
This is described further in Chapter 9.

224 Cargo Compartments

Cargo compartment fire suppression systems are typically installed on commercial transport aircraft,
though there is at least one DoD aircraft equipped with this type of system, the C-5, an Air Force cargo
transport aircraft.” Such systems are designed to provide a minimum knock-down concentration
followed by a sustained minimum flooding concentration to suppress a fire that continues to burn until a
safe landing is made. Such systems typically provide for 60 min of suppression capability. Thus unlike a
fire suppression system designed to extinguish a nacelle, other powerplant, or dry bay fire, the protection
philosophy for a cargo compartment is true fire suppression.

Vil Tn Reference 32 it is stated «...the F22 dry-bay protection scheme. ..incorporates multiple ‘bottles’, using halon 1301, to
provide appropriate coverage.” This statement infers that DoD USAF F-22 aircraft use halon 1301 for dry bay fire
suppression. Space and electrical wiring provisions are installed on delivered F-22 aircraft in the event it is decided in the
future to install dry bay fire suppression system components. Though the system was designed for use of halon 1301,
research conducted for this Chapter confirmed (Reference 19) that, as of the writing of this book, no F-22 aircraft are fielded
at this time with halon 1301, i.e., no dry bay fire suppression system components are installed.

During research conducted for this book, it could not be confirmed if “COBRA” is an acronym, nor could it be confirmed why
the system was assigned such a name. Literature provided by the system supplier indicates that it simply refers to the snake.
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Figure 2-19. Non-DoD Aircraft Halon 1301 Dry Bay Fire Protection System.***
(Reprinted with permission of Airscrew Limited, U.K.)
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The diagram in Figure 2-20 is an example of a cargo fire suppression system installation on a transport
aircraft. Such systems today utilize halon 1301 for fire suppression. In the case of an engine nacelle or
APU compartment fire, the fuel source is shut off from either of those compartments prior to effecting
agent discharge; whereas in a cargo compartment, the fire may be deep-seated and not removed from its
flammable material source. The amount of agent installed to provide extinguishing capability to protect
engine nacelles may be relatively small compared to that required for the cargo compartment. For
example, on C-5 aircraft, there are four halon 1202 bottles (6.8 kg agent each) for engine fire suppression,
whereas 17 halon 1301 bottles (31.75 kg each) are installed for cargo compartment fire suppression.
Though the focus of the NGP did not include cargo compartment fire suppression, extensive research and
testing into application of halon alternatives for these compartments has been conducted by the FAA’s
Fire Safety Branch at the Hughes Technical Center.
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Figure 2-20. Diagram of a Cargo Fire Suppression System Installation
on a Transport Aircraft.?®?’
(Photograph of panel reprinted with permission of the author."?)

225 Other Compartments

During the development of an aircraft design, safety hazard and vulnerability analyses will identify
potential fire threats aboard the aircraft in compartments other than powerplant-type, dry bay and, if
applicable, cargo compartments. (The vapor space within fuel tanks is a separate case that is described in
the next section.) Design solutions are then pursued to mitigate the likelihood of a catastrophic fire and
implement ballistic vulnerability reduction measures if needed, which typically considers isolating
potential ignition sources from flammable fluid or other flammable sources. If the risk for fire cannot be
mitigated to an acceptable level, a dedicated fire suppression system will be installed to protect the
compartment (or if not, the risk is accepted). Examples of such compartments on DoD aircraft are, or
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were, the fuselage fire protection system installed on F-111 aircraft to protect the cheek and stabilization
areas and weapons bay, the C-5 avionics compartment fire suppression system, and the A-6E/EA-6B aft
equipment bay fire protection system. All are, or in the case of retired aircraft were, halon 1301 systems.
The certification requirement for engine nacelle halon 1301 fire suppression systems was applied to
certify the A-6E/EA-6B aft equipment bay system, and that requirement was likely applied to certify the
other systems on the C-5 and F-111. Thus it follows that certification requirements developed for any
agent or technology developed by the NGP for engine nacelle fire suppression would likely become
certification benchmarks, or likely starting points for such benchmarks at minimum, for systems installed
to protect most compartments on aircraft except for dry bays and cargo compartments. The exception for
dry bay compartments is that although viable technologies for dry bay protection were developed under
the NGP, certification for those systems will likely still be accomplished through live fire ballistic testing,
as is done currently in accordance with live fire testing legislation. The exception for cargo
compartments is the unique knock down and flooding suppression requirement, which was not addressed
by the NGP.

2.2.6 Fuel Tank Ullage

In contrast to dry bay compartments, fuel tanks are sometimes referred to as wet bays. The fuel tank
ullage is that portion of the fuel tank volume not occupied by liquid fuel but contains an air and fuel-
vapor mixture. From an operational safety perspective, though the potential for a fuel tank fire/explosion
hazard exists on every aircraft due to a system or component malfunction or failure, safety has not been
the requirements impetus for implementing ullage protection on DoD military aircraft. (Relatively recent
activity has been conducted to reassess and develop such protection for commercial aircraft.”****%) The
case for military aircraft is primarily, like dry bay fire protection, one of vulnerability reduction for
combat survivability. Though there are several military platforms that incorporate some type of active
ullage protection system, only three DoD aircraft have utilized halon 1301 to provide fuel tank inertion,
the USAF F-16 and F-117 aircraft and the United States Navy (USN) A-6E, which is no longer in service.

No research was performed under the NGP to identify or develop potential alternatives to halon 1301 for
fuel tank inerting. However, the NGP did compile and appraise techniques for fuel-tank ullage
suppression of fire and explosion, which had been previously developed and fielded.”’ That work
identified the following technologies that can be installed within the ullage itself to discharge a
suppressant upon detection of the fire/explosion flame front: scored canister system (SCS), linear fire
extinguisher (LFE), and the Parker Reactive Explosion Suppression System (PRESS). Existing design
guidance on fuel system fire and explosion suppression also identifies an additional technology, the
Fenwal cylindrical suppressor.”® Of these, only the cylindrical suppressors utilized a halon fire
suppressant (halon 1011) and were fielded on several aircraft, one of which was the USAF F-105. These
suppressors were also utilized on some commercial transport aircraft (Boeing 707 and 747-100 models) in
surge tanks to prevent ground fires entering the wing. These systems were designed to provide fire
protection, not explosion protection.*** The SCS utilized pentane to create a fuel-rich environment and
was also fielded on several platforms. The PRESS technology used water plus a brine additive to reduce
the water’s freezing temperature below -54 °C (-65 °F) and has not been fielded. Figure 2-21 illustrates
the SCS, LFE, and cylindrical suppressor devices.

* Reference 32 suggests that this type of fire suppression was installed to protect against fires initiated by lightning strike.



38 History of Fire Suppression in Aircraft

Filler Scored
Plua Seal Hemi/Backplate
c} Filler

Threaded

/AN Distanc Stam
& e
' Clampina

Backnut.
Washer. 2X Detonator

(a) Scored Canister®'
(Reprinted with Permission of Kidde Aerospace.)

Detonator with

Clamp Linear
Pressure Switch with Shaped MIL-C-38999 Connector
MIL-C-38999 Tubular Charge
Connector Container
/ ,
d 94
: Pressure
Relief
_>] 0" l¢————  Length as Required P 135 |
(20.3 mm) (Straight Configuration (34.3 mm)

Shawn)

(b) Linear Fire Extinguisher®
(Reprinted with Permission of Meggitt Safety Systems, Inc.)

Attachment Plate
Extinguishant

Pyrotechnic Tube

: Detonator < o O
_ \ .
R S ° °
X eifiiatd
°

T :‘/

=
!

[ ) )

4 o c;/
Score for Separation _I © -

(c) Cylindrical Suppressor®
(Reprinted with Permission of Kidde Aerospace.)

il

Base Plate

Figure 2-21. lllustration of Ullage Fire/Explosion Protection Devices.



Protected Compartments on Aircraft 39

An additional technique identified during the NGP investigation was the nitrogen-gas-inflated ballistic
bladder (NIBB) system, a double-walled fuel cell that is filled with nitrogen. Interestingly, this technique
requires an on-board inert gas generation system (OBIGGS) to provide the nitrogen gas. The NIBB
system has not been fielded on any DoD aircraft, whereas OBIGGS itself is fielded on several aircraft
(C-17, MV/CV-22, F-22, UH-1Y, AH-1Z, and AH-64) to provide nitrogen-enriched air to inert the fuel
tank ullage. OBIGGS is being considered for the USN’s multi-mission maritime aircraft, to be designated
as the P-8 aircraft.** The C-5 and the SR-71 had implemented liquid nitrogen inerting systems for ullage
protection. In the SR-71 aircraft, a supersonic aircraft, the inerting system was implemented because of
the high skin and fuel tank wall temperatures generated during supersonic flight, i.e., aerodynamic heating
effected by supersonic flight could cause walls to become an ignition source for fuel vapor in the ullage.*
The use of nitrogen as an inerting and fire suppression agent is described later in this chapter.

The NGP investigation classified the various ullage protection techniques into three categories: active
(system is always providing a required level of protection), reactive, and passive. Active techniques
fielded currently are halon-based inerting and OBIGGS. Engine exhaust has also been used as an ullage
inerting agent - the Russian-built Ilyushin IL-2 Sturmovik cooled and piped engine exhaust gases into its
fuel tank ullage spaces.* Some earlier DoD aircraft also incorporated ullage inerting using exhaust gas
(B-50 aircraft) as well as CO, and dry ice (B-47 and B-36 aircraft), but these techniques were
discontinued because of technical problems.*® Reactive techniques would integrate a detection system
and a suppression system utilizing the LFE, SCS, PRESS, or cylindrical suppressor technologies. Passive
techniques involve installing material within the fuel tank itself to prevent an overpressure by extracting
heat from a flame front. There are primarily two materials that have either been fielded or at least have
been demonstrated by the DoD as viable for providing passive fuel tank ullage fire protection: reticulated
(porous) polyurethane foam and aluminum mesh. Polyurethane foam has been used in numerous DoD
platforms for years (A-7, A-10, F-15, F/A-18, C-130, and P-3), whereas aluminum mesh has not been
implemented on DoD aircratft.

During the NGP, non-NGP investigations were performed into the use of trifluoroiodomethane (CFsl) as
a replacement for halon 1301 in the F-16 fuel tank inerting system. A diagram of the F-16 inerting
system is shown in Figure 2-22 and is a typical halon 1301 inerting system design implementation. The
system also includes a 400-watt heater to maintain a constant halon reservoir pressure over the entire
operating temperature envelope for the aircraft, as the reservoir was located in a wheel well area. A
heater had also been part of the inerting system installed on A-6E aircraft.

Preliminary analysis and testing indicated CFs;l was a promising alternative to halon 1301, as it was
initially concluded that only minor airframe system modifications would be required.’”*® However, CF;l
had been previously removed from consideration for use in engine nacelle, APU, and dry bay applications
on DoD aircraft due to toxicity and materials compatibility concerns, as well as due to its relatively high
boiling point.* Subsequent review later concluded that CFsI was inadequate as a replacement for halon
1301 in the existing F-16 system due to its higher boiling point and resultant reduced delivery pressure at
low temperatures.”® Additional conclusions were that:

% CF,l is listed as one of many acceptable halon alternatives for use in unoccupied spaces on the Environmental Protection
Agency’s (EPA) Significant New Alternatives Program (SNAP) list, and a minimum performance standard of 7.1 %
volumetric concentration is being developed for its use for nacelle fire suppression in commercial aircraft, as determined under
the Engine Nacelle Halon Replacement Program conducted by the FAA. That program also developed minimum performance
standards for use of HFC-125 (17.6 % volumetric concentration) and FK-5-1-12 (6.1 % volumetric concentration). Boiling
points for HFC-125 and FK-5-1-12 are -48 °C and 49 °C, respectively.
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Figure 2-22. F-16 Aircraft Inerting System Diagram.*’

e More flight qualification testing would be required on the materials compatibility of CF;l
before it could be recommended as a replacement for halon 1301. CF;l is more chemically
reactive than halon 1301, which could lead to metal corrosion or elastomer failure. It was
indicated that it may be possible to specify materials that could be used in service with CF;l
after such testing.*"

e CF;l is more toxic than halon 1301. It was indicated that under equivalent operational
conditions, it would be considered unwise to replace a chemical with one that is 20 times
more toxic, and that more rigorous toxicity testing of CF3I would provide a more quantitative
estimate of its toxicity in realistic exposure scenarios. ™" *"

Xii

xiii

Xiv

During design evolution of an aircraft and its systems and subsystems, assessment of materials compatibility is typically
completed well prior to conduct of flight qualification testing. The rationale for recommending materials compatibility
evaluation for CF;l as part of flight qualification testing was that it could degrade the fit, form, or function of any of the
components that it contacts, and that it could introduce a contaminant or a degradation product into the fuel tank and fuel that
produces damage. Due to the number of components involved, the extent of attack required to interfere with the operation of
different components could vary. Thus it was assessed that it is virtually impossible to account for all possibilities in a
laboratory and that engineering testing and evaluation would be required before CF;I could be fully qualified for use.

An aircraft fuel tank as well as an engine nacelle or an APU-type compartment is a normally unoccupied space. For such
spaces, this means it is permissible to use fire suppressants whose design or certification concentrations that are in excess of
the Lowest Observed Adverse Effect Level (LOAEL).

The LOAEL, which represents the volumetric concentration of a substance that can induce cardiac sensitization in testing
using beagle dogs, is reported for halon 1301 and CF;I as 7.5 % and 0.4 %, respectively. The 20 factor was derived by the
ratio of the halon 1301 LOAEL to the CF;1 LOAEL (i.e., 7.5/0.4). Though cardiac sensitization LOAEL was one of several
CF;l issues reviewed, the fielding of a suppressant whose LOAEL is significantly below a system certification concentration
is not without precedent in the DoD. USAF C-130J and USN KC-1301J aircraft, which are still being procured as of the
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e The ODP of CF;l is highly dependent upon the altitude and latitude at which it is released. It
was calculated that CF;l usage onboard an F-16 aircraft could be between 13 % and 167 % as
damaging to the ozone layer than use of halon 1301, or, in other words, ozone depletion from
F-16 application of CF;l could be as small as one-eighth that of halon 1301 (at lower
altitudes) or as large as one and two-thirds times as damaging as halon 1301 (at higher
altitudes). However, even for conservative choices, CFsl use onboard an F-16 would be a
Class I ozone-depleting substance if significant amounts are released above 6.1 km
(20,000 ft), and the US Clean Air Act bans use of Class I substances.

Subsequent NGP modeling of ODP associated with the use of CF;l in engine nacelle and APU-type
applications is described in Chapter 7. This study was conducted using the same chemical transport
model, but updated with the latest representation of atmospheric chemistry and dynamics. The results of
the modeling indicated the ozone depletion effects would not be significant for CF;l use in engine nacelle
and APU-type applications.*’

2.3 TYPES OF FIRES EXPERIENCED

Both occurrence and suppression of fire on board an aircraft are probabilistic. Although obvious,
assessment of such probabilities plays a role in determining whether a fire suppression system is
implemented, or if implemented, the type of system, active or passive, and if implemented whether that
system will provide protection under all flight and mission conditions. The level of protection
implemented then becomes a risk trade for the program manager(s) responsible for the development,
production, and fielding of a military aircraft.

Such trades receive additional attention from program managers, since they are most often applied when
considering the need to implement fire suppression systems beyond those normally required by an aircraft
specification for safety (i.e., engine nacelle and APU compartment) or those necessary to achieve desired
vulnerability reduction (i.e., dry bay compartments). In short, such trade efforts are difficult to sell to a
program manager, since they increase aircraft weight, cost, and complexity. It is no surprise that this
would be case, since during the formulation of the NGP strategy it was found that majority of the types of
fires experienced in DoD military aviation, as listed in Table 2-2, were types related to engine nacelle and
dry bay compartment fires. This provided the NGP with an overarching view from which to investigate
further the characteristics of fires within engine nacelles and dry bay compartments.

The primary aircraft design considerations are weight, performance, and cost. Key aircraft performance
parameters (KPPs) include range, speed, and drag, all of which are impacted by weight. The aircraft
program manager(s) and aircraft design engineers are always seeking the lowest weight possible for any
system on the aircraft. For example, established fire suppression system specifications may require a
redundant nacelle fire suppression capability. The reality may be that the aircraft just cannot physically
accommodate the installation of an additional fire suppression agent container, or a risk trade analysis
may be performed to assess the risk of not implementing the additional bottle, which will include a
probabilistic analysis for failure to suppress the fire leading to loss of the aircraft and fatalities (in other
words, what is the risk of not implementing redundancy to save weight). If it is decided to accept that

writing of this book, utilize halon 1211 for engine nacelle and APU fire suppression. The LOAEL for halon 1211 is 1.0 %, or
7.5 times higher than the value for halon 1301. Chapter 6 provides additional information regarding the cardiac sensitization
protocol and the development of physiologically-based pharmacokinetic (PBPK) modeling of potential human exposure to
halon alternative suppressants. Halon 1211 is also a Class I Ozone Depleting Substance (ODS).
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risk, the requirement to provide the redundant capability will be removed or waived. Vulnerability
analyses that effect whether or not dry bay and ullage fire protection are implemented is also probabilistic
— analysis will assess probability of kill (aircraft loss) given a hit. Vulnerability reduction techniques are
assessed for weight and performance, with performance assessed both from the vulnerability reduction
perspective and aircraft performance perspective (for example, is it necessary to design a fuel cell so that
all sides are completely self-sealing, or can weight be reduced by electing to employ self-sealing only on
those sides or a portion of those sides having the greatest vulnerability).

Table 2-2 Tabulation of Aircraft Fire Types.*

Fixed Occupied
System (F) | Compartment
Suppression or Hand- at Discharge
Service Fire Type Location Fuels Time Held (H) (Y or N)
US Army Fuel spray Engine nacelle JP-4 or JP-5 seconds F N
US Army Stack fire APU exhaust JP-4 or JP-5 seconds F N
US Army | Turbine jet Helicopter JP-4 or JP-5 ~5s F,H N
fire engine nacelle
Tri- Explosion Dry bay JP-8, hydraulic ~ 10 ms F N
Service fluid
Tri- Turbine jet | Engine nacelle JP-4, JP-8 ~5s F N
Service fire
USAF Electrical Compartment Plastics <30s H Y
USAF Wall fire Cargo bay Paper, plastics, ~ 5 min F (H) Y
chemicals
USN Fuel spray Engine JP-4, JP-5, seconds F N
JP-8, hydraulic
fluid
USN Fuel spray Crew JP-4, JP-5, <30s H Y
compartment | JP-8, hydraulic
fluid
USN Electrical Crew Insulation, <30s H Y
compartment plastics
USN Turbine jet | Engine nacelle JP-4, JP-5, 10st020s F N
Fire JP-8, hydraulic
fluid
USN Rapid Dry bay JP-4, JP-5, ~ 50 ms F N
growth JP-8, hydraulic
fluid

The relevance of trade analyses that evaluate requirements, weight, and performance relates directly to the
residual fire threat for the aircraft after all design considerations have been addressed to the extent
possible or practicable, e.g., drainage provisions for leaked flammable fluid, separation of fuel sources
from potential ignition sources, tolerance of components to fire or hardening, and fire containment, which
themselves are subject to weight trades prior to or in consideration with implementing fire suppression.
As a precursor to its research activities, the NGP conducted a review to characterize the nature,
frequency, consequences, and severity of fires for which halon-based fire suppression systems have been
fielded on DoD aircraft.** With the knowledge acquired from this review as well as from various studies
conducted during the TDP, studies performed coincident with the NGP and presented at Halon Options
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Technical Working Conferences (HOTWC), and continuing work by the FAA’s Fire Safety Branch and
the International Halon Replacement Working Group (IHRWG), the characteristics of all types of aircraft
fires have been described.”™ The remainder of this chapter discusses fire characteristics for areas
specifically addressed by the NGP, engine nacelles, APUs and dry bay compartments, plus it includes a
similar discussion on ullage fire/explosion characteristics.

2.31 Safety-related Fires

As described in the beginning of the chapter, an aircraft fire is deemed a safety-related fire when it results
from component failures, which may be due to inadequate design, a mechanical failure mechanism such
as fatigue, or maintenance error, and results in either a flammable fluid contacting an always-present
ignition source, €.g., a hot engine case, or the failures themselves provide both the flammable fluid and
the ignition source. These types of fires occur in flight or on the ground. The two most common types
of fire hazard in the engine nacelle are a direct consequence of the means of fuel delivery and the failure
mode that permits fuel to leak, i.e., either a spray fire or a pool fire.'" A mechanical failure in the
component path within the nacelle that provides fuel to the engine can either result in a fuel spray or the
pooling of fuel. Examples of these types of failures are a cracked fuel line, or a fuel line or system
component that was improperly installed and allows fuel to leak. An additional fire hazard associated
with the aircraft engine nacelle is that even after extinguishment is achieved, a strong potential exists for
reignition of the fire from hot surfaces on the engine. Hot surface reignition remains a threat as long as
fuel vapor and air can come in contact with sufficiently hot surfaces. This concern prevails in flight as
well as on the ground during or after engine shutdown. After engine shutdown, for a brief period, the
engine case temperature and nacelle free volume temperature can actually increase due to engine
temperature soak-back effected by removal of ventilation airflow that would occur with the engine
operating. It is possible then that a small leak, which does not result in an in-flight fire, could result in a
nacelle fire on the ground during engine shutdown. If the compartment is wetted with the flammable
fluid, or if the fluid has pooled, the resulting ground fire event can impart extensive damage.

Given that dry bays may contain flammable fluid carrying components, such as fuel and hydraulic lines
and hydraulic fluid reservoirs, and potential ignition sources such as bleed air ducts, safety-related fire
events may also occur in these compartments. Even though the probable majority of dry bay fires over
the lifetime of a particular military aircraft will result from ballistic threats, other events can result in a
dry bay fire, such as an overheated electrical generator, arcing generated by failed electrical circuits or
wiring, or damage induced by some other form of impact such as a bird strike.

In-flight Fires

In-flight engine fires can result in catastrophic loss of an aircraft and fatalities if the aircraft has only a
single engine, or if there are multiple engines and the fire goes undetected and suppression is not
attempted until the fire has effected damage to the aircraft that results in loss of lift or thrust or the aircraft
fails to execute a safe landing, or if the nacelle fire suppression system cannot suppress the fire even if
activated immediately after a fire warning is provided to the pilot and there is subsequent catastrophic
damage or failure to execute a safe landing. A qualitative assessment of pilot reaction was conducted by

*¥ As of the writing of this book, information related to work conducted by the FAA Fire Safety Branch and the IHRWG can be
found at http://www fire.tc.faa.gov.
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the NGP and estimated that 95 % of the time pilot reaction was characterized as normal, meaning that the
pilot response followed typical emergency procedures for effecting agent release without delay. After
receipt of a fire warning, the pilot isolated the affected compartment to remove fuel flow to that
compartment, armed the fire suppression system, confirmed that the fire warning persisted and had some
secondary indications of the fire condition, and then discharged the suppressant into the compartment.**
During the TDP, extensive review of fire incident and mishap data was conducted to evaluate effectivity
of currently fielded halon 1301 fire suppression systems aboard USN aircraft.***® That review revealed
that 55 % of fixed-wing fire events occurred in flight, yet for rotorcraft only 35 % had occurred in flight.
An additional significant finding was that in-flight effectivity of the nacelle halon fire suppression
systems was 76 % for fixed-wing aircraft, yet just 47 % for rotorcraft. It is important to bear in mind that
these percentages are overall numbers for each of the aircraft types. However, they infer that the different
nature of fixed-wing and rotorcraft designs and the missions these aircraft are required to fly influence
different fire threats from an operational safety perspective.

The most surprising finding in these studies was that related to the redundant fire suppression capability
on most rotorcraft and several fixed-wing aircraft. For rotorcraft, it was found that this capability was not
utilized frequently, and when utilized it was successful in suppressing fire less than 10 % of the time.
Usage on fixed-wing aircraft was also infrequent, except on P-3 aircraft.”’ In those cases, the reserve
capability was successful 67 % percent of the time. The rationale derived from the rotorcraft events was
that as a fuel-fed fire continues to grow after the first discharge, it is not likely that there would be
successful suppression by the time the pilot effects the second discharge, which is delayed since the pilot
has spent time coping with the emergency.*’” This rationale has been applied to support implementation of
non-redundant halon-alternative nacelle fire suppression capability on the USN UH-1HY and AH-1Z
rotary aircraft models. (However, no rationale is provided in the USN fixed-wing analysis that describes
the 67 % success rate of the redundant capability on P-3 aircraft.) Contrasting the USN effectivity
analysis was analysis performed by the U.S. Army, where frequency of use and effectivity of the
redundant fire suppression capability on their rotorcraft between 1985 and 1995 indicated an overall
higher percentage of in-flight nacelle fires on aircraft with nacelle fire suppression systems and a much
higher effectivity of the redundant fire suppression capability.**’ Given that Army and Navy analyses
included similar model rotorcraft, these outcomes suggest that service-specific missions may have an
impact on nacelle fire occurrence and the ability to suppress nacelle fires for similar aircraft models. As
of the writing of this book, it is planned to revisit and update the U.S. Army and USN data in support of
halon alternative nacelle fire suppression efforts under a joint U.S. Army-USN program for H-60 model
helicopters (i.e., U.S. Army Blackhawk and USN Seahawk helicopters).”

Ground Fires

Aviation mishap data from the DoD safety centers typically classify mishaps by whether the mishap
occurred in flight; if not in flight then whether intent for flight existed; or whether the mishap occurred on
the ground and there was no intent for flight, such as during a ground maintenance engine turn operation.
Fire mishaps that fall into the intent-for-flight-existed category typically occur on the ground (e.g., a
rotorcraft engine nacelle fire that occurs during rotor turns prior to takeoff). Also, fires that occurred on
aircraft while on a ship’s deck were also considered as ground fires. Both nacelle fires as well as internal
engine fires have been experienced within the DoD. An internal engine fire can occur during startup or
shutdown and may be a result of improper procedures, a component failure, or severe ambient conditions
such as high winds while at sea. In the case of improper starting procedures or severe ambient conditions,
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the engine does not ignite properly during startup and excess fuel is dumped into the engine combustor.
The fuel can be blown into the turbine and tailpipe, subsequently igniting. In the case of a mechanical
failure, a fuel line may rupture, a pressure and drain valve may fail, or the engine bearings may fail. Fuel
can accumulate in the combustor, turbine, or tailpipe and may subsequently ignite. These internal fires
are colloquially referred to as tailpipe fires.”'

The reviews described in the previous paragraph revealed that 65 % of rotorcraft fires occurred on the
ground, whereas for fixed-wing aircraft this number was 45 %, and the aggregate effectivity of the nacelle
halon fire suppression systems was similar for each aircraft category: 65 % for fixed-wing aircraft and
64 % for rotary aircraft. APU fires occurred primarily on the ground, and their frequency of occurrence
was noted to be far less than that for nacelle fires. Effectivity of halon fire suppression in APU
compartments was even higher, though fire events were indicated for two aircraft platforms only — 100 %
effectivity was found for P-3 APU fire suppression, and 75 % for H-53 APU fire suppression. Similar to
ground nacelle fire suppression events, there is reduced or minimal airflow within an APU compartment
during a fire suppression event.

Effectivity vs. Optimization vs. Over-design

The extension of the preceding to the NGP relates to its efforts in the development and validation
computational fluid dynamics (CFD) models for nacelle fires and nacelle fire suppression. Those efforts
considered the complex physics of fire, suppressant discharge and transport, the effects of compartment
clutter on transport and distribution, and the effects of ventilation airflow on the behavior of fire and
suppressant distribution. That effectivity of current nacelle halon fire suppression systems would be
lower for in-flight events correlates with the NGP focus to develop CFD modeling capabilities to
optimize nacelle fire suppression system designs for the dynamics of in-flight conditions. The need for a
design optimization capability cannot be overstated when considering that even with halon 1301 as the
suppressant and normal pilot reaction to effect agent discharge, the overall effectivity of halon 1301
nacelle fire suppression systems was still less than 80 %. It is this dichotomy that challenges an
overarching assertion formulated during the TDP and that has prevailed during the NGP that halon 1301
nacelle fire suppression systems are over-designed. Rather, whether a system is either over-designed or
not optimized is more appropriately assessed on an aircraft-by-aircraft basis. In any event, the CFD
capability developed under the NGP provides a tool for use in conducting such assessments.

2.3.2 Ballistically-induced Fires

Fires that relate to aircraft survivability are those that are ballistically induced, usually during enemy
combat. That combat projectiles could induce fire within an aircraft dry bay or fuel tank ullage with
catastrophic results has never been unique to U.S. military aircraft. Imperial Japanese Navy design
policies during the later part of World War II not only required carbon dioxide (CO,) for nacelle fire
suppression, but also for protection of fuel cells and alcohol tanks on aircraft; and structural spaces
surrounding fuel cells were to be air tight, structural and weight limitations permitting. The CO, systems
protecting fuel cells were to be automatic, and because of combat experience in which hits on aircraft
with alcohol tanks resulted in fires, an automatic CO, system was to be implemented for the spaces
surrounding the alcohol tank, i.e., a reactive dry bay fire protection system; a pilot-activated system was
to be implemented for discharge into the tank itself.> There is evidence that a concept for implementing
active dry bay fire protection was being pursued by the Imperial Japanese Navy at the latter stage of
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World War II (Figure 2-23) and was planned to be an automatic system utilizing CO, as the fire
suppression agent. What was being investigated then still applies today, in that aircraft remain vulnerable
to ballistically-induced fires in dry bays and in the fuel tank ullage. These types of fires are summarized
below without the intent of describing all of the damage effects that could be effected by a ballistic
projectile or without describing the functioning characteristics of various projectiles. Though it is
possible for a ballistic projectile strike into another compartment to effect a fire, e.g., within an engine
nacelle, dry bays and the fuel tank ullage remain the most vulnerable to ballistically-induced fires.
Taking into consideration that a delay of only several hundred microseconds may occur before an HEI
projectile functions after impact, the response time of any reactive ullage or dry bay protection system to
detect the combustion event is typically on the order of microseconds. Whether this delay is longer is a
function of several variables, including the thickness of the aircraft material that the projectile must
penetrate and impact obliquity angles.*
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During aircraft dry bay live fire testing, the effects of wet-to-dry and dry-to-wet penetrations into the
aircraft are characterized as follows. The wet-to-dry penetration is one in which the projectile first
penetrates a fuel cell, travels through the fuel, and exits into dry bay. As the ballistic projectile travels
through the fuel it creates an overpressure in the fuel cell. During exit, fuel may either leak or mist and
can be ignited by hot spall; by pyrophoric, incendiary or tracer components of the projectile; or by an on-
board ignition source, such as such as hot gases from penetrated bleed air lines, hot metallic surfaces (e.g.,
surfaces of bleed air or other hot gas ducts), or arcing electrical lines. The dry-to-wet penetration is one
in which the projectile first enters into the dry bay and then penetrates either a fuel cell or a flammable
fluid carrying component resulting in either leaking or misting fluid, or spall from the projectile will
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damage such components sufficiently to effect a leak or mist, particularly if the damage to a system or
component is one that operates at high pressures. In either case, fluid entering the dry bay can be ignited.

Ullage

Various ideas to describe the ullage combustion by an electrical discharge are all based on the notion of a
critical flame kernel or bubble. Experiments reveal that the initial disturbance created by the electrical
discharge must exceed a minimum volume in order for the flame to become self-sustaining. Experimental
observations show that this volume is often toroidal in shape for a spark generated between bare
electrodes. Ullage ballistic testing performed by the USN described the ullage combustion process as
two-stage, free-radical, branched-chain reactions, depending upon the ignition source. For a spark
ignition source that is produced by a component failure within the ullage, it was described that in the first
stage a seed of free radicals is produced, which in turn produces a blue flame front throughout the ullage
fuel vapor/air mixture. That mixture then transitions rapidly to the second stage in which free radicals
react with one another and produce a stable though accelerating set of molecules that are the products of
combustion and can lead to explosion. This process can take place within a few hundred milliseconds, as
depicted in Figures 2-24 and 2-25."" The functioning of an HEI ballistic projectile within the ullage will
cause a violent reaction that, instead of a two-stage reaction, directly produces the products of
combustion.”

(a) before spark (b) 17 ms after ignition (c) 34 ms after ignition

Figure 2-24. Ignition and growth of a flame in 7 % H2, 1.4 % C3Hs Jet A Simulant Mixture at
295 K (22 °C) and 84.1 kPa (0.83 atm).*

2.3.3 Spray Fires

A cracked high pressure fuel, lubricant or hydraulic fluid line, or a cracked flammable fluid system
component, such as a motor housing, can supply a steady spray of fuel for a fire stabilized behind
obstacles in an engine nacelle. Small droplets quickly evaporate, and the momentum from the spray
efficiently entrains the air necessary for combustion. The fuel-air mixture is ignited when it contacts a hot
surface, or the mechanism that effected the failure mode can provide the ignition source, such as arcing
onto a flammable fluid line as can occur when an electrical harness chafes against the line.

* For the process depicted in Figure 2-25, the spark source was a J-37 engine igniter that produced a spark from a capacitance
discharge of 19 J of energy. The photographs in Figure 2-25 were provided by the Naval Air Warfare Center Weapons
Division, Aircraft Survivability, and are reprinted with permission of the Naval Air Systems Command.
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(a) 0 seconds (b) 7.5 ms after ignition (c) 15 ms after ignition

(d) 22 ms after ignition (e) 30 ms after ignition (f) 37.5 ms after ignition

_1

(j) 117.5 ms after ignition (k) 140 ms after ignition () 375 ms after ignition

Figure 2-25. Spark-Initiated Ullage Combustion Process.
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Extinguishment of the burning spray can occur if a critical amount of suppressant entrains into the
combustion zone, or if the flammable fluid flow is cut off, thereby reducing the pressure effecting the
spray, and the combustion is allowed to starve, or the combination of reduced flammable fluid flow and
ventilation airflow provides sufficient strain. In addition to the flammable fluid system pressure and
ventilation airflow, spray fire flame stability may also be influenced by ventilation airflow temperature,
the type of flammable fluid, and the fire suppressant type.

2.34 Pool Fires

A pool fire can occur if failure of a flammable fluid line or component releases sufficient quantity of
flammable fluid, which cannot drain away from the compartment and thus collects to form a pool.
Ignition may occur by contact with a hot surface or by the mechanism that effected the failure mode,
which could include a ballistic projectile. If there is ventilation airflow, such as within an engine nacelle,
the stability of a pool fire can be greatly enhanced if an obstacle at the leading edge of the pool is present.
In some nacelle configurations, obstacles in the form of structural ribs or other bluff bodies are present at
locations where combustible liquids may puddle and fail to drain in a timely manner. Pool fire flames are
believed to have a premixed structure and are more stable than the diffusion structure of spray flames, and
both types of flame are believed to be less stable (more easily extinguished) at high airspeeds.
Figure 2-26 depicts the sequence of events leading to a stabilized pool fire within a dry bay compartment
having relatively low ventilation airflow.

Ballistic round incendiary flash Ignition of vaporized and pooled fuel Residual stabilized pool fire
effected by penetration into the dry and fuel-air mixture combustion
bay

t .

Figure 2-26. Stabilized Pool Fire Formation within an Aircraft Dry Bay Compartment.

Lab-scale fire suppression tests have shown that the stabilizing effect of a baffle in front of a pool fire can
be very significant. Test results show that under similar airflow and baffle height conditions, a baffle-
stabilized pool fire is dramatically more difficult to extinguish than a baffle-stabilized spray fire where the
baffle is located in the middle of the flow field. Nacelle fire testing performed by the CAA and then later
during the TDP has shown that occluded pool fires are more difficult to suppress than spray fires. The
CAA reported that suppression mass quantity greatly increased with the presence of transverse structural
ribs situated in the lower part of nacelles tested. This was attributed to difficulties in extinguishing pool
fires between structural ribs. Later testing of three nacelle fire scenarios, fuel spray fire, burning of fuel
as it flows as a thin film over a hot surface, and a burning pool of fuel, showed that greater suppressant
concentrations were required for the hot surface and pool fire conditions than for spray fires.”> That
greater suppressant concentrations were required to suppress pool fires was again reconfirmed during the
TDP in which it was found that stability of pool fires required larger suppressant concentrations and
longer characteristic suppressant mixing times to achieve suppression due to recirculation zones. Pool
fires were again found more difficult to suppress than spray fires during a nacelle fire test program for the
USAF F-22 aircraft.”
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2.3.5 Fire Characteristics

Flame Temperature

The fire triangle and fire pyramid are often used to describe the basic components of fire. In the fire
triangle, the three sides are typically indicated as fuel (or substance that will burn), oxygen, and
temperature (i.e., sufficient heat to initiate and sustain combustion). The four surfaces of the pyramid
indicate a fourth component: chemical chain reactions involving free radicals, which are necessary for the
reaction (hence combustion) to be sustained. For hydrocarbon fuels (which include aviation fuels), the
reaction is usually written as Fuel + O, — H,O + CO,. The net heat release for the reaction is referred to
as the heat of combustion, and this can be used to estimate the maximum possible flame temperature, or
the adiabatic flame temperature.’’ The net heats of combustion for JP-4, JP-5 and JP-8 aviation fuels used
on DoD aircraft are within the range of 40 kJ/g to 45 kJ/g. As illustrated in Figure 2-27, the maximum
flame temperature occurs when the equivalence ratio is one. The equivalence ratio is the actual fuel-air
ratio divided by the stoichiometric fuel-air ratio. The fuel-air ratio is simply the ratio of the mass of fuel
supplied to the mass of air supplied. In stoichiometric combustion, there is complete conversion of
carbon and hydrogen to CO, and H,0, with no leftover oxygen. Thus, the stoichiometric fuel-air ratio is
the ratio of the mass of fuel supplied to the mass of air supplied for which the stoichiometric condition is
satisfied.

Maximum Adiabatic Flame Temperature

at Equivalence Ratio =1 Actual Flame Temperature

(Note that the maximum flame
temperature is on the rich side

Adiabatic Flame Temperature Curve of stoichiometric.)
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Figure 2-27. Flame Temperature vs. Equivalence Ratio.*®
(Reprinted with permission by AFP Associates, Inc.)
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In reality, the adiabatic flame temperature is not attained, particularly for highly-ventilated compartments
such as engine nacelles as well as for dry bay compartments, as they may also be ventilated and have
leakage (i.e., they are not completely sealed — openings such as drain holes may be present). Also,
complete combustion of leaking fuel is not assured in the event a fire occurs in nacelle or dry bay
compartments. It is not uncommon to find residual fuel or hydraulic fluid in these areas after a fire event.
Thus, as illustrated in Figure 2-27, the actual flame temperature will be less than the adiabatic flame
temperature, but the maximum flame temperature occurs on the fuel-rich side of an equivalence ratio of
unity, as greater fuel mass available results in greater energy and heat release.

In work to determine the spectral characteristics for fire detection by optical fire detectors, it was shown
that ultraviolet emissions from JP-4 flames increased with increasing altitude and that the ultraviolet (UV)
power emitted at 10.7 km (35,000 ft) by the burning fuel was nearly double that emitted at sea level.
Thus UV detection must be sensitive for the sea level condition. The power emitted at visible and near-
infrared wavelengths decreased at higher altitude. Thus visible/near infrared detection must be sensitive
at high altitude. The visible/near-infrared emission spectra are due to hot carbon particles in the diffusion
flame, while the energy emitted at ultraviolet wavelengths is associated with the electronic transitions of
free radicals in the flame. It is believed that as altitude is increased (and pressure decreases) the reduction
in the available oxygen to sustain the combustion process may result in an increase in the density of these
radicals, and thus stronger emissions of the ultraviolet radiation. In contrast, the reduction in oxygen
pressure, as occurs with increasing altitude, may reduce the flame temperature and thus the intensity of
the visible/near-infrared radiation emitted by the carbon particles.” Typical hydrocarbon flame and
burning JP-4 fuel emission spectra are shown in Figure 2-28.

The relevance of the preceding discussion is that requirements for fire tolerance, thermal fire detection,
optical fire detection, and ultimately fire suppression are related to temperature (and exposure at that
temperature). Fire zone components are required to withstand exposure to a minimum flame temperature
of 1093 °C (2000 °F) and minimum heat input (heat flux density) of 9.3 Btu/ft>-s (10.6 W/cm®) for
15 min. This temperature is also the DoD fire warning requirement threshold for continuous-loop thermal
fire detectors used in many engine nacelles and APU compartments for fire detection, whereas optical fire
detection for dry bay compartment fires are typically sensitive to the 4.3 um wavelength (i.e., the CO,
spike) associated with JP-type aviation fuel fires.

Deflagration vs. Detonation

Deflagrations and detonations are distinguished by flame front velocity. Detonations involve supersonic
burning velocities and are more likely to occur in oxygen than in air, whereas deflagrations are
characterized by subsonic burning velocities.”” Research and testing has clearly proven that nacelle, dry
bay, and ullage fire events are deflagrations. Detonations and deflagrations may or may not lead to a
(sustained) fire. When the combustion rate of energy release is rapid and there is a large increase in
pressure, referred to as overpressure, it may be sufficiently large enough to damage or destroy portions of
the aircraft structure and is referred to as an explosion. Aviation fuels typically deflagrate with
overpressures normally less than 1380 kPa (200 psi).* In one series of ullage fire testing conducted at a
simulated high altitude, with a pressure of 58 kPa (8.4 psia) and 21 % oxygen, an initial flame velocity
measure from film was observed to be 3.35 m/s (11 ft/s).”> If a combustion wave propagates throughout
the ullage with near stoichiometric fuel/air mixture, a pressure increase of over 790 kPa (100 psig) or
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eight times atmospheric pressure is theoretically possible.” Photographic evidence from full-scale dry
bay testing indicates that turbulent flame speeds are below 300 m/s (984 ft/s).*""
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Figure 2-28. Hydrocarbon Flame Emission Spectra.
(1800 K = 1527 °C = 2780 °F)

*il The speed of sound is 340.29 m/s at sea level.
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Turbulence

Turbulence within an aircraft engine nacelle or dry bay compartment is influenced by a variety of factors.
The obvious is ventilation airflow through the compartment. The geometry of the compartment will also
influence whether there are localized regions of higher ventilation airflow velocity, recirculation, or
stagnation. Structural members (ribs, frames, longerons), subsystems equipment (engine and accessory
components, bleed air ducts, flammable fluid components and lines, electrical components and
harnesses), and mounting hardware (clamps, brackets), collectively referred to as bluff bodies or clutter,
will effect complex flow fields within nacelle or dry bay compartments and also provide locations for
flame holders or pooled fuel. Estimation of the increase of the Reynolds Number as change occurs in a
recirculation zone of premixed gases burning in the wake a bluff body was known previously to support
turbulence conditions.”> (The Reynolds Number is used for determining whether flow is laminar or
turbulent.) Estimation of the Reynolds Number at the air inlet of an engine nacelle indicates this area to
be highly turbulent even prior to consideration of clutter-enhanced mixing.*> Though ventilation airflow
through an engine nacelle may be assumed to be longitudinal throughout the annular volume, it is also
possible that ventilation airflow will in some places be found to be circumferential about the engine and
even contain areas of reversed flow. An engine nacelle fire is typically a turbulent diffusion flame
stabilized behind an obstruction in a moderately high-speed airflow that was typically found to range
from 0.57 kg/s (1.25 Ib/s) to 1.25 kg/s (2.75 1b/s).*

The primary design purpose of ventilation airflow through a nacelle is to provide cooling for the engine to
ensure desired engine performance and not degrade operation of other subsystem components located in
the nacelle, though in the case of the F-111 aircraft the nacelle design imparted unidirectional ventilation
airflow to also prevent flame propagation as well as remove flammable vapors.”> The number of air
exchanges per unit time (volumetric air flow divided by net volume) depends on the aircraft design and
may be as high as one per second.* Though nacelles are unique for each aircraft, the intended forward-
to-aft nacelle ventilation airflow characteristic is typical. Dry bay compartment sizes, ventilation
requirements, and geometries differ greatly from aircraft to aircraft, and thus turbulence within a dry bay
compartment may or may not be more complex than within an engine nacelle. Figure 2-29 provides a
contrasting example of this when compared to Figure 2-26. Both depict fires within a dry bay
compartment. Whereas Figure 2-26 suggests a relatively benign turbulent environment, Figure 2-29
provides an example of a highly turbulent environment.

Turbulent flame within a dry bay Turbulent flame about and pool fire below
compartment. ruptured fuel line within a dry bay.

Figure 2-29. Turbulent Fire within Aircraft Dry Bay Compartments.
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The same physical and environmental characteristics that contribute to turbulence will also influence
flame strain, suppressant distribution, and suppressant effectiveness (and dilution), as the time required
for an agent to entrain into the recirculation zone is a key parameter in the effectiveness of suppression
with respect to baftle-stabilized flames. In computational fluids dynamics (CFD) modeling and model
validation testing performed by the NGP, success or failure in extinguishing nacelle fires was largely
correlated with the ratio of the rate of injection of suppressant to the total inflow rate into the nacelle (that
is, ventilation airflow plus suppressant flow). For a suppression system that is not an optimized design (it
is possible for an un-optimized system to pass a certification test), turbulence can effect inhomogeneities
and failure to suppress a fire. If regions of the flow field exist where the suppressant concentration is
locally below the value that leads to suppression, there can be failure to completely suppress a fire, since
small pockets of fire can quickly propagate through the remaining premixed gases in the nacelle leading
to accelerated burning under certain conditions and catastrophic results.**

2.3.6 Aircraft Operational Temperature Environment*

As discussed previously, temperature is the primary basis of current aviation requirements for fire
detection and component tolerance to fire. Temperature is also a variable with regard to the potential for
ignition of a fuel-air mixture, the amount of energy to ignite a flammable mixture, suppressant
performance capability, and, in the case of hot surfaces within an engine nacelle, reignition, which is
discussed separately in this chapter. Given a constant initial pressure, it has been established previously
that a non-flammable fuel-air mixture may become flammable for some period of time if its temperature
is elevated sufficiently.”” Additionally, as shown in Figure 2-30, it had been established previously for
halon 1301 that the peak flammability limit, the suppressant inerting concentration in air at which no
mixture of fuel and air is flammable, can increase with temperature.® ' Lab-scale testing during the
TDP with halon 1301 and several halon alternative suppressants also indicated similar trending as shown
in Figure 2-31."

8

Figure 2-30. Variation in Halon
5 | 1301 Peak Flammability Limits
for Isobutane

with Temperature.
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il The certification requirement for halon-1301-based nacelle fire suppression systems is suggested to be founded, per
Reference 132, on the 6 % inerting concentration determined by the Purdue Research Foundation, whereas halon-1301-
based fuel tank inerting systems have been designed to maintain even higher concentrations (e.g., 20 %).
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Figure 2-31 Variation in Halon 1301 and Three Halon Alternative Mass Fractions (Beta)
Required to Suppress JP-8 Spray Flames with Temperature.™
(Beta is the ratio of the mass flow of the suppressant to the total flow of suppressant and air.)

What were not established until the NGP was the correlation of historical fire experience with outside air
temperature (OAT) and altitude and how that correlates with suppressant low-temperature requirements.
The temperature data that was previously indicated as design requirements but is currently promulgated as
design guidance to define the low and high temperature extremes for DoD aircraft systems are world-
wide air environments (WWAE), which represent conditions having a 1 %, 5 %, 10 % and 20 %
frequency of occurrence.”” In commercial aviation, standard climate profiles from the Joint Aviation
Regulation (JAR) define temperatures based on arctic, temperate, tropical, intercontinental, and standard-
day conditions.”® (Note: there is no design guidance or DoD/JAR climate profile for altitude
environments below 60 degrees south latitude, the Antarctic.) Figure 2-32 plots these climates vs. the
WWAEs used for DoD acquisition programs. Figure 2-33 depicts the worldwide land environments
provided as design guidance for DoD aircraft systems, which categorizes four land environment types:
basic, hot, cold, and severe cold.®’

The relevance of the aircraft temperature envelope requirement to on-board fire suppression systems that
utilize a chemical suppressant, i.e., the engine nacelle and APU fire suppression systems on DoD aircraft,
is that the low temperature extreme defined for the envelope has historically been applied to substantiate
the boiling point requirement for the fire suppressant, which is predominantly halon 1301. Thus in the
context of the WWAEs, a boiling point requirement based on halon 1301 would provide for in-flight fire
suppression under atmospheric conditions down to temperatures consistent with arctic-like temperature
conditions.
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Figure 2-32. Commercial Aviation Standard Climates vs. DoD WWAE Design Guidance.
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Figure 2-33. DoD Land Environment Design Guidance.®’

With regard to ground fire suppression, land environments indicated as cold or severe-cold climates are
the likely environments in which cold-soak conditions prior to aircraft startup would exist. The DoD
design guidance indicates a low-temperature 1 % frequency of occurrence of -46 °C (-50 °F) for cold land
environments and a low-temperature 20 % frequency of occurrence of -51 °C (-60 °F) for severe-cold
land environments. Designers of legacy aircraft would develop fire suppression systems whose
requirements were tailored to halon 1301 properties to likely assure fire suppression performance at such
temperature conditions.

Boiling point (or Ty,) of a fire suppression agent has been used as one of the criteria to guide the search for
new halon alternative chemical fire suppressants during the NGP.* Currently, this criterion is -40 °C
(-40 °F). It was also one of the parameters considered during the TDP, which identified HFC-125 as the
best near-term alternative to halon 1301 for use in aircraft nacelle fire suppression system applications.
However, even during the TDP it was recognized that, when operational contexts were considered such as
the likely temperature environment within an operational engine nacelle at the time of suppressant
discharge, the typical low temperature performance requirement could be a candidate for a performance
trade. Minimum nacelle operating temperatures were indicated to range from below -18 °C (0 °F) in
commercial aviation to 38 °C (100 °F) in DoD aviation.”” A subsequent review of nacelle compartment
airflow temperature data for a variety of aircraft platforms, including a commercial transport aircraft,
indicated temperatures ranging from -18.5 °C (-1.3 °F) to 274 °C (525 °F).”"">7*™75 Though this data
may not address every operating environment, they suggest that even at low outside air temperatures
(OAT) it is probable that the typical operational engine nacelle compartment temperature will be greater
than -40 °C (-40 °F).
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For decades, high T, suppressants have been used in military aircraft nacelle fire suppression systems. In
addition to halon 1011 on C-130 aircraft, this also includes halon 1202 on C-5 and previously on F-111
aircraft, which are now retired.”® Since the signing of the Montreal Protocol, at least two high T, halon
alternative agents have been fielded outside the DoD.**””"® Successful implementation and history of
high T, suppressants is likely attributable to several factors such as (1) the fact they are brominated
halogens, (2) elevated nacelle operating temperatures, (3) applications that may benefit from the high T,
characteristic, e.g., single-phase flow in long distribution runs, (4) freezing points well below
temperatures likely to be experienced on ground and at altitude, and (5) distribution system design that
ensures adequate distribution throughout the nacelle. This last factor was also emphasized and applied in
the development of the F/A-18E/F HFC-125 nacelle fire suppression system.”” HFC-125 is a low boiling
point fire suppressant. The obvious conclusion is that both low- and high-boiling-point suppressants are
likely to realize higher probability of success when distribution is optimized. Chapter 8 discusses
additional factors identified during NGP CFD experiments and modeling that need to be considered
relating to suppressant delivery and evaporation.

Analysis of military aircraft experience regarding release of nacelle fire suppressants was conducted
during the TDP, the purpose of which was to quantify halon discharges at altitude and for evaluating
discharge frequency and quantity of agent discharged below and within the ozone layer.** Combining
both fixed-wing and rotary aircraft discharges that analysis indicates:

e Approximately 77 % occurred between 0 km and 3 km (0 ft and 10,000 ft), and about 92 %
occurred between 0 km and 6 km (0 ft and 20,000 ft).

e Over 60 % of all discharged suppressant was accounted for by only three of the 30 military
aircraft platforms covered by the study. These three platforms (C-130, F-15, and P-3) have
altitude ceilings that extend above 6 km (20,000 ft) but were contributors to the frequency of
discharges below 3 km (10,000 ft).™

e Over 25 % of all suppressant discharged was high-boiling point suppressant (i.e., halons 1011
and 1202).

Prior to the NGP, an operational context that had not been investigated was whether temperature
conditions at the time of agent release correlated with the typical boiling point temperature requirement.
These include OATs, nacelle operating temperatures, cold-soak temperature conditions and cold climatic
extremes. Based on review of nacelle compartment airflow temperature data for a variety of aircraft
platforms, it was reasonable to assume that nacelle compartment temperatures are well above boiling
points of fielded nacelle fire suppression agents. When considering that historic release of nacelle fire
suppression agents has typically occurred below 6 km (20,000 ft), with over 75 % occurring below 3 km

*X These agents are phosphorous tribromide (PBr3), which has a Tb of 173 °C, and triflouroiodomethane (CF;I), which has a Tb
of -22.5 °C. PBr; is installed for nacelle fire protection on Eclipse 500 commercial aircraft, which are small commercial jet
transport aircraft, and CF;l is installed for nacelle and APU fire protection on Royal Australian Navy SH-2G rotary aircraft.
The CF;l system is similar to a halon 1301 system in its implementation in that the suppressant is distributed throughout the
nacelle by means of remotely-contained storage bottles and plumbing. The PBr; system implementation is different:
suppressant discharge is targeted to the flame holding regions within the nacelle, which were identified through analysis and
test, per Reference 77. Considering nacelle operating temperature environments, which are described later, and boiling points
of each suppressant, CF;1 will likely be vaporized where as for PBr; the heat from a fire will effect vaporization.

The aircraft platforms in the TDP study, Reference 80, that each accounted for at least 5 % of discharged suppressant were the
P-3, C-130, F-15, F-111, C-5, C-141, and A-10 platforms, all fixed-wing aircraft. Review of the data utilized for the
reference [44] study found similarly that the aircraft platforms each accounting for at least 5 % of discharged suppressant
were the P-3, C-130, C-5, A-10, F-15, F/A-18, and F-111, and in general that fixed-wing aircraft accounted for 85% of all
suppressant discharged.

XX
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(10,000 ft), and that the likely occurrence of fire while either cold soaked or while in cold climatic
extremes is likely a low probability event, the likelihood of not extinguishing a nacelle fire after
suppressant release and realizing a catastrophic event under such conditions suggests strongly that the
combination of these events has a low probability. The implication of the preceding is that selection of a
fire suppressant whose boiling point is compatible with cold soaking or a cold climatic extreme results in
a protection capability against events whose likelihood of occurrence has a very low probability, and that
halon alternative suppressants with higher boiling points are not likely to appreciably increase risk under
such conditions. These preceding assertions provided the NGP with the impetus to perform the following
efforts:

e Obtain and review aviation Safety Center fire incident data to extract, if possible, altitude
and/or outside air temperature (OAT) information that would permit characterization of OAT
conditions during which suppressant release has historically taken place. Based on this data,
it may be possible to assess probability of suppressant release under conditions that are likely
to be well above a suppressant’s boiling point.

e Construct and validate an in-flight nacelle air temperature model to estimate likely nacelle
compartment air temperature for given altitude, outside air temperature, general engine
surface temperatures, and aircraft airspeed conditions. Such a model would be useful in
allowing system designers to assess compartment temperatures at altitude relative to a
suppressant’s boiling point.

e Evaluate implications of aircraft cold-soak conditions, particularly during aircraft takeoff.

e Assess safety risk, considering the findings in the preceding elements, of utilizing a fire
suppressant whose boiling point is much higher than of those agents commonly fielded today
in military aircraft (i.e., halon 1301).

DoD Safety Centers Fire Incident/Mishap Data

A review conducted within U.S. Army aviation of rotary aircraft fires between 1985 and 1995 had found
that the lowest outside air temperature (OAT) reported was 0 °C (32 °F) and the highest reported was
35 °C (95 °F).*' This review concluded that the only time a -50 degree temperature would remotely be
encountered is at extremely high altitude or in extremely remote northern/southern areas of the earth.™
The use of the term “remotely” has significance in that within DoD it relates to the rate of hazard
occurrence. During the time period of the U.S. Army study, the aggregate rate of occurrence of in-flight
rotary aircraft fires was 4.9 per million flight hours, a remote rate of occurrence. Thus the likelihood of a
nacelle fire occurring at lower outside air temperatures or in an extremely cold environment and resulting
in loss of aircraft would likely be even lower (improbable).™

Aviation fire incident data was obtained for the years 1980 through 2002 from the U.S. Army, Navy and
Air Force Safety Centers. Table 2-3 summarizes the number of mishaps and incidents provided by the
Safety Centers. (Note: the counts in Table 2-3 reflect incidents categorized by the DoD services as
mishaps as well as lesser severity events or incidents.) The data was reviewed to determine whether

*i The final memorandum did not indicate whether the temperature threshold considered was -50 °C or -50 °F.

i The terms remote and improbable are categories of hazard probability as described in DoD specification MIL-STD-882D,
Standard Practice for System Safety. These terms may be described either qualitatively or quantitatively. Assigning a hazard
probability category based on aircraft flight hours is one method per MIL-STD-882D of describing a probability
quantitatively.
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suppressant release occurred and to identify the altitude and OAT associated with each release. Only
suppressant releases associated with discharge of systems protecting nacelle and APU compartments were
considered. Combat-related events, or direct-enemy action events, are typically not provided by the DoD
Safety Centers, and if they are provided they only contain limited information. For mishaps and incidents
that provided altitude data but did not include temperature data, the International Civil Aviation
Organization (ICAO) standard atmosphere model was applied to estimate OAT. For mishaps and
incidents without altitude and temperature information, the methodology applied was that used during the
TDP for assuming flight altitude based on aircraft flight phase from the previously-described discharge-
at-altitude analysis.

Table 2-3. Number of Mishaps and Incidents.

Service
Aircraft Type Army Navy Air Force
Fixed Wing 88 1,212 3,932
Rotary 465 834 98

Mishap and incident data was first reviewed for the geographic locations where fires and suppressant
releases occurred. Table 2-4 summarizes the results of this review, which was performed to assess
occurrence of fire in the cold or severe-cold land environments of Figure 2-33, for incidents occurring on
the ground, and to assess occurrence of fire for incidents occurring in flight or characterized as in-flight
for aircraft operating nearest to locations in those cold or severe-cold environments.

Table 2-4. Percentage of Fire Mishaps and Incidents Occurring
in Geographic Cold or Severe-Cold Environments.

Service
Event Phase Army Navy Air Force
Ground 0 1.5% 1.1 % (a)
In-Flight <1% <1% 2.7 % (b)

(a) From data categorized as ground fire mishaps and incidents only.

(b) From data categorized as in-flight fires only but also includes
mishaps and incidents on the ground characterized as flight fire
mishaps and incidents (i.e., intent for flight existed).

Generally, the fire mishap and incident data provided by the Safety Centers included altitude information
in terms of mean sea level (MSL), above ground level (AGL), or flight level (FL). Altitude expressed in
these terms in the Safety Center data is typically in terms of pressure altitude, while the Standard
Atmosphere is based on geopotential altitude. Figure 2-34 illustrates the variation of ambient pressure vs.
pressure altitude and geopotential altitude on standard-day and non-standard-day temperature conditions.
The implication with regards to estimating OAT using the ICAO Standard Atmosphere Model is that cold
temperature conditions may be lower than estimated on non-standard-days or if altitude is based on
pressure altitude. However, the percentages indicated previously in Table 2-4 suggested strongly that
applying the MIL-HDBK-310 cold WWAEs or the JAR-1 Arctic Climate profile as the basis for
estimating temperature conditions would not reflect operational experience.
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An additional consideration for using the ICAO Standard Atmosphere Model for estimating OATs during
suppressant release is fuel flammability limits. Figure 2-35 depicts flammability limits of Jet-A and Jet-B
aviation fuels vs. altitude and standard atmospheres, including a subarctic profile (JP-8 limits are similar
to limits for Jet A, and JP-5 limits are slightly higher than those depicted for Jet-A.). Though ignition
depends on many variables, Figure 2-35 suggests that for military aircraft using JP-8 and JP-5 fuels,
attaining the flammability limits is more likely at atmospheres above the Standard Atmosphere.
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Figure 2-34 Variation of Ambient Pressure vs. Pressure and Geopotential Altitudes on
Standard-Day and Non-Standard-Day Temperature Conditions.®

Figure 2-36 plots the safety center data for nacelle and APU fires in which suppressant release occurred
and for which suppressant release did not occur. In addition, the figure also plots fire events that were not
nacelle or APU fires. This is done to plot all aircraft fire mishaps and incidents for which Safety Center
data included both altitude and OAT. 1t is interesting to note in Figure 2-36 that there are just two data
points indicating a fire occurrence above 10.7 km (35,000 ft), three data points indicating fire above 9 km
(30,000 ft), and only four data points indicating fire above 7.6 km (25,000 ft). In combustion experiments
that established the spectral criteria for optical fire detection, it was established that flames could be
maintained up to 10.7 km (35,000 ft); however, at higher altitudes, the flames would self extinguish.”
Distribution of Safety Center data that included both altitude and OAT for which suppressant release
occurred indicated that suppressant releases occurred generally about or above the Standard Atmosphere
profile. The lowest OAT below the profile for which suppressant release occurred on the ground was
indicated as -3.3 °C (26 °F). The highest altitude below the profile for which suppressant release was
indicated to have occurred was 1.65 km (5,400 ft), and the lowest OAT was indicated as 2 °C (36 °F).
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(JP-8 limits are similar to limits for Jet A; JP-5 limits are slightly higher than limits for Jet-A.)

For other fire incidents for which Safety Center data included both altitude and OAT but in which there
may have been no engine or APU fire, or for which there was an engine or APU fire but no agent release,
the majority of the incidents at altitude occurred above the Standard Atmosphere profile and below 6 km
(20,000 ft). Only one incident is indicated that is beyond the profile at altitude and below -18 °C (0 °F),
which occurred at 12 km (40,000 ft), -61 °C (-78 °F). This was the only incident for which both altitude
and OAT were provided and that occurred below -40 °C (-40 °F). The highest altitude below the profile
and above -18 °C (0 °F) occurred at 1.95 km (6,400 ft) with an OAT indicated as -10 °C (14 °F). There
are three incidents indicated at zero altitude (on the ground) and below -18 °C (0 °F). These occurred
with OATs at -25 °C (-13 °F), -28 °C (-18 °F), and -33 °C (-27 °F).

Commercial aircraft data was also reviewed from the National Transportation Safety Board (NTSB)
aviation accident database for occurrence of fire at altitude vs. temperature. Data then obtained spanned
the years 1988 through 2000. The distribution of fire events in which both altitude and OAT were
provided is shown in Figure 2-37. The lowest temperature indicated in the Figure is -28 °C at zero
altitude. There were several events at this condition. (Whether any were nacelle or APU fires was not
further researched.) One event was identified in the data at -32 °C, but no corresponding altitude was
provided so it is not shown in the figure. Additional fire occurrences at low temperature that were
identified with no corresponding altitude and are not indicated in the figure occurred at -27 °C and -26 °C
(one each) and at -22 °C (two events).

xxiil ' Reid vapor pressure (RVP) is a measure of fuel volatility. The higher the RVP, the more volatile the fuel is and the more
readily it evaporates. RVP is measured at 37.8 °C (100 °F).
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Figure 2-36. Plot of Standard Climate Profiles and WWAESs vs. All DoD Aircraft Fire

Events and Suppressant Releases where Both Altitude and OAT Were Provided.
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Given the preceding, it was concluded that the Standard Atmosphere Model could be used to provide a
reasonable estimate for OATs at which suppressant releases at altitude have occurred. This model was
applied to fire incidents for which there were no OAT data, which were then combined with incidents that
had included OAT data. The results are summarized in Figures 2-38 through 2-41, with the data from
Reference 44.

#i >0
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Figure 2-37. Plot of 1988-2000 Commercial Aircraft Fire Events vs. Altitude and OAT,
Events for which NTSB Database Provided Both Altitude and OAT.
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Figure 2-38. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by Altitude.
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Figure 2-39. Rotary Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by OAT.
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Figure 2-40. Fixed-wing Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by Altitude.
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Figure 2-41. Fixed-wing Aircraft Nacelle/APU Compartment Fire Suppressant
Releases by OAT.
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Nacelle Air Temperature Modeling

An in-flight nacelle air temperature model was constructed to estimate nacelle air temperature during
flight conditions. The model uses the U.S. Standard Atmosphere 1976 data on pressure-altitude,
temperature, and viscosity.*> The model treats the nacelle as an air heat exchanger, and it computes the
terminal temperature difference based on average, bulk values. The inlet conditions at the ram scoop are
computed to be the stagnation properties for the given flight conditions, and these are taken to be the
same as those inside the nacelle, close to the inlet. The effect of conduction and radiation heat transfer is
assumed negligible; i.e., heat losses from air through the nacelle wall to the ambient outside by
convection and conduction. The model is described in detail in Reference 44.

To evaluate in-flight conditions generally representative of likely flight and nacelle operating conditions,
the model was evaluated for over 1,000 cases against the high and low operational parameter settings
utilized during the TDP for nacelle configuration (length), clearance (net volume), nacelle mass airflow,
and engine hot surface temperature. Conditions were evaluated for altitudes up to 9 km (30,000 ft).
Model runs were limited to this altitude for two reasons: (1) only 6 % of all fixed-wing aircraft fire
suppressant releases (Figure 2-40) were indicated to have occurred above 9 km (30,000 ft), and (2) though
the Standard Atmosphere Model for the tropopause has a ceiling of 11 km (36,152 ft), only 1.7 % of all
fixed-wing aircraft fire suppressant releases were indicated to have occurred above this ceiling. The OAT
ranged from -45 °C (-48 °F) to 15 °C (58.7 °F) based on the model. The results are indicated in Figures
2-42 and 2-43, which depict peak nacelle temperature vs. altitude for the two airspeed conditions
modeled: 50 knots and 400 knots.

Review of the model output showed that 88 % of the cases indicated nacelle air temperatures greater than
-18 °C (0 °F). The remaining 12 % of the cases (those less than -18 °C) were for input conditions at 6 km
(20,000 ft) or greater, and 89 % of these cases (89 % of the 12 %) were noted for airspeeds of 50 knots.

This group of calculated cases was considered to be artificial since military rotorcraft typically have
operational ceilings less than 6 km, and 50 knots is below the stall speed for typical military fixed-wing
aircraft that have nacelle fire suppression capability (e.g., fighter/attack aircraft, cargo transports,
maritime patrol aircraft). The remaining 11 % (i.e., 11 % of the 12 %), or 1.5 % of all the cases modeled,
were for input conditions at 9 km (30,000 ft) and 400 knots and indicated nacelle air temperatures ranging
between -23 °C (-10 °F) and -24 °C (-12 °F). If the artificial cases were removed from consideration, the
actual percentage of total cases indicating nacelle air temperatures greater than -18 °C became greater
than 88 %. So modeling additional cases up to the ceiling of the Standard Atmosphere Model for the
tropopause was likely to result in additional nacelle air temperatures less than -18 °C, but it was not likely
to dramatically impact the percentages described.

The results of the modeling appeared counterintuitive, in that at higher airspeed the results would be
expected to indicate lower compartment air temperature. This is due to the assumption in the model that
the temperature at the nacelle inlet is based on the stagnation properties for the airspeeds chosen. This is
an assumption that had been applied in previous work, with the rationale that the ventilation airflow
temperature through the nacelle is influenced by the stagnation temperature at the nacelle air inlets as well
as by heat rejected by the engine.”> Thus, at the higher airspeed, the inlet temperature is greater. To
investigate this further, results from the model were compared to data obtained previously during in-flight
measurement of nacelle air temperatures for several different aircraft platforms.
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Figure 2-42. Peak Nacelle Temperature at 50 knots Airspeed vs. Altitude.
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Additionally, nacelle air temperature data were obtained from current in-flight rotary aircraft propulsion
temperature survey testing. The results of the comparison are summarized in Table 2-5. When the model
was applied for the purposes of making comparisons, several of the inputs were varied to accommodate
differing nacelle characteristics. For example, the clearance between the engine and the nacelle structure
is not uniform, thus for each case this parameter was varied between the low and high values that had
been utilized during the TDP, unless specific nacelle clearance information was obtained. In general, the
model tended to predict (conservatively) lower temperature ranges as compared to measured temperature

ranges.

Table 2-5. Comparison of Modeled vs. Measured Nacelle Air Temperatures.

Engine Surface Measured Nacelle Air Predicted Nacelle Air
Altitude Temperature Range Temperature Range Temperature Range
(km) OAT (°C) (°0) °O (°C)
Sea level 29 Not indicated 3310 83 Not modeled since
>5 -21 Not indicated -18 10 30 engine surface
temperature range not
indicated
0.4 28 102 to 392 33t0 82 23 to0 33
0.6 Not indicated 176 to <260 ~ 90 to 160 20to 115
0.6 to 14 Not indicated Not indicated ~ 100 at 0.6 km to Not modeled since
~ 10 at 14 km engine surface
temperature range not
indicated
3 -3 74 to 588 22 t0 93 -3t028
Sea level -3 60 to 467 19 to 55 16 to 39
3 1 81 to 587 27 to 94 -3t028
3 Not indicated Up to 260 10 to 93 6to 12
3 Not indicated Up to 750 <110to <275 7to 23
Sea Level Not indicated Not indicated 210 Not modeled since
engine surface
temperature range not
indicated

Cold Soak Conditions

The NGP also examined the effect of fire suppression effectiveness under cold-soak conditions, i.e., cases
in which the aircraft had been on the ground in a cold climate. Of issue was the relationship between the
OAT, the boiling point of a fire suppressant, and suppressant discharge under such conditions, especially
during takeoff. Such conditions have been used to support the need for a suppressant with a boiling point
of -40 °C (-40 °F) or lower.

Bein performed a literature review to identify existing work related to evaluation of aircraft cold soak
conditions.* Work performed by Transport Canada was identified that characterized aircraft wing

¥ Though the engine surface temperature data was not available for use in during modeling, this temperature data point from
Reference 13 is listed as it was the highest nacelle airflow temperature found in the literature during the nacelle air
temperature modeling effort.



Types of Fires Experienced 69

surface temperatures during ground operations during Canadian winter and aircraft cold soak conditions
after flights at altitude.*™® For flights in Canada and Alaska, a general conclusion was that wing
temperature surveys of aircraft returning from flights at altitude failed to find evidence of significantly
cold-soaked wing conditions. Their surveys generated data that indicate the following relative to non-de-
iced spot wing temperatures for aircraft on the ground:

e Below 0 °C (32 °F) OAT, wing temperatures were generally higher than OAT. The
temperature difference generally ranged from 2 °C at 0 °C OAT to slightly greater than 6 °C
at -25 °C OAT.

e Above 0 °C (32 °F) OAT, wing temperatures were generally lower than OAT.

e Radiative cooling on the ground (i.e., aircraft parked overnight in cold weather) is more likely
than in-flight conditions to result in cold-soak conditions. Possible wing-to-OAT differential
due to radiative cooling may range from -6 °C at 0 °C OAT and reducing to -2 °C at -25 °C
OAT.®

o The lowest OAT for which cold-soak data was recorded was -13 °F (-25 °C), suggesting that
aircraft operations on the ground in cold or extreme cold climates is infrequent. (Note that
this correlates well with the operational fire experience indicated in Figures 2-36 and 2-37.)

The data generated during the Transport Canada surveys includes a flight profile for a flight at altitude in
Alaska during which wing surface temperatures were recorded. The cruise altitude is not specified but is
likely to be approximately 9 km (30,000 ft) based on the aircraft type that was instrumented and flown.
At the time liftoff from the ground occurred, measured wing temperatures were higher than both OAT
and the initial wing temperatures. During takeoff climb, there was a test point indication of a temperature
increase of approximately 3 °C over the first 5 min before that test location temperature began to
decrease, whereas all other measurement locations were noted to begin to decrease immediately. At
15 min after takeoff, wing temperatures were generally -20 °C (-5 °F). At 60 min after takeoff, wing
temperatures were generally -23 °C (-10 °F). Wing temperatures were found to warm to approximately
7 °C (20 °F) in 15 min during descent to final landing. Except for the radiative cooling condition, these
data indicated that temperature conditions of an operational aircraft are likely to be higher than the cold
soak temperature conditions, suggesting that aircraft component temperatures are also likely to be higher.
To analyze the concern of over too low fire suppressant and system component temperatures under cold
or extreme cold temperature conditions during takeoff, a model was constructed to estimate stagnation
temperature conditions during takeoff. The premise was that for suppressant bottle(s), distribution lines
and components not located near/within heated compartments but adjacent to exterior surfaces, the
stagnation temperature should provide a reasonable estimate of likely temperature conditions of
components adjacent to the exterior surfaces. Figures 2-44 and 2-45 depict graphically the results of the
minimum and maximum temperature profiles for cases modeled for a jet transport aircraft, fighter aircraft,
and a turboprop transport aircraft.

e In Figure 2-44, an initial OAT for cold/severe-cold environments was based on the JAR-1
Arctic Standard Climate profile, and then the profile was applied during takeoff climb. This
scenario was assumed to estimate a lower bound profile. The modeling estimated that during
takeoff climb within a standard arctic profile that the stagnation temperatures can increase to
greater than -25 °C (-13 °F) for a period of time, taking into consideration the likelihood that
aircraft surface temperature will be greater than OAT at takeoff. The relevance of this is that
fire suppression system components adjacent to these surfaces are likely to be similar in
temperature. (The resultant temperature profiles indicate a period above -32 °C (-25 °F) for
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as few as 3.7 min and as long as 14.2 min. The time to reach this threshold was estimated to
occur approximately within 1.25 min or within 3.8 min.)

o In Figure 2-45, an initial OAT of -40 °C (-40 °F) was assumed but also applies a temperature
bias condition based on difference of wing skin temperature to OAT described in the
Transport Canada work. The JAR-1 Arctic Standard Climate profile is then applied during
takeoff climb with the bias condition continuously applied to estimate a potential upper
bound profile. The resultant temperature profiles indicated a period above -26 °C (-15 °F),
for as few as 3 min and as long as 14.8 min. The time to reach this threshold was indicated to
occur approximately within 1.25 min or within 3.6 min. Because of the duration of the climb
for the jet transport aircraft, temperature was indicated to increase for a period of time to
approximately -15 °C (4.5 °F) before beginning to decrease.

In each of the scenarios modeled it was clear that fire suppressant and system component temperatures
could increase above -40 °C (-40 °F) during takeoff profiles for some period of time but continued ascent
through the JAR-1 Arctic Standard Climate profile would effect temperature decrease. Thus it became
necessary to review the DoD Safety Center data and the studies conducted during the TDP for
establishing halon 1301 system effectivity to gage the DoD’s historical engine nacelle fire risk during
takeoff.

Risk

Within DoD System Safety, organizations assess risk associated with hazards identified during
development as well as during fielded operations of weapon systems, including aircraft systems and
subsystems. Analytical processes are applied to assess worst-credible and most-probable severity and
likely occurrence of identified hazards. Likely occurrence may be expressed as a rate of occurrence,
typically per flight hour, or as a probability. The resulting assessment of severity and probability is then
categorized as to the level of risk it presents (e.g., high, medium, low, unacceptable, etc.). Generally,
assessment of fire hazards results in an assignment of a “Catastrophic” severity. ™' The issue becomes
whether the rate of occurrence or probability of a fire hazard results in a risk that is deemed not low.

For example, when the total number of engine nacelle fires evaluated during the TDP for establishing
halon 1301 system effectivity are considered, the aggregate rate of occurrence for a nacelle fire event
during the period evaluated is approximately 8 per 10° flight hours. Those same data were reviewed
during the NGP to estimate the potential hazard frequency of a catastrophic event due an unsuppressed
engine nacelle fire hazard, as summarized in Tables 2-6 and 2-7. Note that in each case, the hazard
frequency would be assessed as improbable. A catastrophic-improbable hazard is categorized as low risk,
which is typically accepted by military aviation program managers. If the same rate of occurrence is
considered in conjunction with operating in a low (or high) temperature climatic extreme, the hazard
frequency would also be assessed as improbable as indicated in Tables 2-8 and 2-9.

XXV

A Catastrophic hazard severity is defined in DoD specification MIL-STD-882D, Standard Practice for System Safety, as a
hazard that can result in death, permanent total disability, loss exceeding $1M, or irreversible severe environmental damage
that violates law or regulation. The risk from fire in an aircraft would be presented to an aircraft program manager as the
potential consequences of the different categories of possible fires and the likelihood of fire occurring for each category.
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Figure 2-44. Initial OAT per JAR-1 Arctic Standard Climate.
(OAT at Takeoff is -50 °C (-58 °F).)
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Figure 2-45. OAT at Takeoff is -40 °C (-40 °F) with Bias Applied to OAT.
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Table 2-6. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

Nacelle Fire, Any Time (Does not Consider Multiple Engines).

XXVi

Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category In Flight Time Extinguished Lost Per Flight Hour | Frequency
Fixed-wing 0.55 1 0.24 0.09 9.84E-08 Improbable (E)
Rotary 0.35 1 0.53 0.27 4.15E-07 Improbable (E)
Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category | On Ground Time Extinguished Lost Per Flight Hour | Frequency
Fixed-wing 0.45 1 0.38 0.03 4.25E-08 Improbable (E)
Rotary 0.65 | 0.36 0.01 1.94E-08 Improbable (E)

Table 2-7. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

Nacelle Fire, Any Time (Assumes Two Engines per Aircraft).

XXVi

Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category In Flight Time Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.55 1 0.24 0.09 4.92E-08 Improbable (E)
Rotary 0.35 1 0.53 0.27 2.08E-07 Improbable (E)
Probability Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | At Any Given Fire Not Aircraft Occurrence Hazard
Category | On Ground Time Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.45 1 0.38 0.03 2.13E-08 Improbable (E)
Rotary 0.65 1 0.36 0.01 9.70E-09 Improbable (E)

i probabilities in Tables 2-6 and 2-7 are derived from References 45 and 46. End event rate of occurrences determined by
multiplying 8/10° flight hours by probabilities indicated. This frequency is based on the aggregate number of nacelle fires

over all flight hours for the period and aircraft evaluated in those references and is higher than the rate of 4.9/10° flight hours
indicated in an evaluation of Army rotary aircraft fires per Reference 81. No rotary aircraft were indicated lost in ground fire
events in Reference 46, but a 1 % probability is assumed for discussion purposes.
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Table 2-8. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a
Nacelle Fire in a Climatic Extreme (Does not Consider Multiple Engines).”™™"

End Event
Probability Probability Probability Rate of
Probability Occurrence Occurrence | Occurrence | Qccurrence |MIL-STD-882
Aircraft Occurrence In Climatic Fire Not Aircraft Per Flight Hazard
Category In Flight Extreme Extinguished Lost Hour Frequency
Fixed-wing 0.55 0.2 0.24 0.09 1.97E-08 |Improbable (E)
Rotary 0.35 0.2 0.53 0.27 8.30E-08 |Improbable (E)
End Event
Probability Probability Probability Rate of
Probability Occurrence Occurrence | Occurrence | Qccurrence MIL-STD-882
Aircraft Occurrence In Climatic Fire Not Aircraft Per Flight Hazard
Category On Ground Extreme Extinguished Lost Hour Frequency
Fixed-wing 0.45 0.2 0.38 0.03 8.50E-09 |Improbable (E)
Rotary 0.65 0.2 0.36 0.01 3.88E-09 |Improbable (E)

Table 2-9. Estimate of Rate of Occurrence of Aircraft Lost Due to Failure to Extinguish a

XXVii

Nacelle Fire in a Climatic Extreme (Assumes 2 Engines per Aircraft).
Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | In Climatic Fire Not Aircraft Occurrence Hazard
Category In Flight Extreme | Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.55 0.2 0.24 0.09 9.84E-09 Improbable (E)
Rotary 0.35 0.2 0.53 0.27 4.15E-08 Improbable (E)
Probability | Probability | Probability End Event
Probability | Occurrence | Occurrence | Occurrence Rate of MIL-STD-882
Aircraft | Occurrence | In Climatic Fire Not Aircraft Occurrence Hazard
Category | On Ground | Extreme | Extinguished Lost Per Flight Hour Frequency
Fixed-wing 0.45 0.2 0.38 0.03 4.25E-09 Improbable (E)
Rotary 0.65 0.2 0.36 0.01 1.94E-09 Improbable (E)

The implication of the preceding is that when considering the risk of a catastrophic end event, the
likelihood is driven primarily by whether fire occurs, and this likelihood is reduced by the likelihood of
operating in a climatic extreme (e.g., cold temperature conditions). For example, Figure 2-46 summarizes
fixed-wing fire mishaps and incidents by phase of operation. The takeoff-related categories total to
18.7 % of all events, and approximately 16 % of suppressant releases occurred during the takeoff phases.
However, only 4 % of the takeoff-related releases (and thus fewer than 1 % of all releases) occurred in
land environments categorized as cold or severe cold. This strongly suggests that risk is low (i.e., an

Vil . probabilities in Tables 2-8 and 2-9 derived from References 45 and 46. End event rate of occurrences determined by
multiplying 8/10° flight hours by probabilities indicated. This frequency is based on the aggregate number of nacelle fires
over all flight hours for the period and aircraft evaluated in those references and is higher than the rate of 4.9/10° flight hours
indicated in an evaluation of Army rotary aircraft fires per Reference 81. No rotary aircraft were indicated lost in ground
fire events in Reference 46 but a 1 % probability is assumed for discussion purposes. Probability of operation in climatic
extreme assumes exposure to either MIL-HDBK-310 20% low or high temperature WWAE.
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improbable hazard frequency) for an engine nacelle fire during takeoff on a cold-soaked aircraft and in
which the fire suppression system fails to extinguish the fire and a catastrophic event occurs.
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Figure 2-46. Fixed-Wing Aircraft Fire Mishaps and Incidents by Phase of Operation.

Summary — Severity of Aircraft Temperature Environment Criterion

The conservatism of the -40 °C criterion can be seen when the historical data is plotted against the DoD
climatic land environment design guidance and previously published aviation fuel flammability limit
profiles in conjunction with various atmospheric profiles. Figures 2-47 and 2-48 plot the geographic
locations of ground fire events for rotary aircraft and fixed-wing aircraft, respectively, vs. the DoD
climatic land environment design guidance. In these figures, it can be seen that the clear majority of
ground fire events occurred in geographic locations associated with the basic land environment category.
Figures 2-49 and 2-50 plot the nearest-to geographic locations of in-flight fire events for rotary aircraft
and fixed-wing aircraft, respectively, to depict where these events occurred relative to the climatic land
environments.
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In Figure 2-51, the DoD rotary aircraft fire data are plotted vs. the standard atmosphere (blue line) and
tropical atmosphere profiles (orange line) and Jet A (right) and Jet B (left) flammability limit profiles.
Also indicated is the typical rotorcraft operational ceiling and the majority (97 %) suppressant release
envelope derived from Figures 2-38 and 2-39. Also shown for reference purposes is an artifact from
previous fire testing, described previously in Section 2.3.5, to determine the flame spectral characteristics
for optical fire detection at altitude: that testing at pressure conditions representative of altitude of
11.5 km (35,000 ft) resulted in inability to maintain sustained combustion. The preponderance of fire
events and suppressant releases on rotorcraft is shown to occur well below the typical operational ceiling
for rotorcraft and well above the -40 °C (-40 °F) NGP boiling point criterion, with 97 % of all rotorcraft
suppressant releases occurring above -12.2 °C (10 °F).
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Figure 2-51. DoD Rotary Aircraft Fire Data vs. Atmospheric Profiles, Flammability Limit
Profiles, Operational Ceiling, and Suppressant Release.?’

Figure 2-52 plots the fixed-wing aircraft fire data in similar fashion. The overwhelming majority of fire
events from the data is indicated below 7 km (23,000 ft), with 94 % of all suppressant releases occurring
at an altitude just above 9 km (29,500 ft). Qualitatively, this latter altitude as a ceiling correlates well
with the results of the conclusions drawn from previously described nacelle air temperature modeling and
the testing described previously in Section 2.3.5. Additionally, the overwhelming majority of relevant
nacelle air temperature modeling cases occurred for OAT conditions at or above -25 °C (-13 °F), which
also correlates well with that very few fire events are indicated below this OAT as well as with the
distribution of fire events depicted previously in Figures 2-48 and 2-50. In the basic land environment
depicted in those figures, the worst cold temperature exposure is 1% at -31.7 °C (-25 °F), which also
correlates well with the temperature boundary for 94 % all suppressant releases in Figure 2-52.
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‘| In modeling described in Section 2.3.6 majority of nacelle air temperature conditions fell at or
below 9.1 km and above -25°C. Cases beyond these conditions were for airspeeds
indicative of potential aircraft stall.

Figure 2-52 DoD Fixed-Wing Aircraft Fire Data vs. Atmospheric Profiles, Flammability
Limit Profiles, Potential Stall Condition and Suppressant Release.*

In summary, the preceding figures indicate:

e As altitude increases, the number of fire events decreases.

e Agsaltitude increases, occurrence of fire events trends above the standard atmosphere profile.

e Rotorcraft fire events occurred below 4 km (13,000 ft), below the typical operational ceiling
for those aircraft, with 97 % of all suppressant releases occurring for OAT above -12.2 °C
(10 °F).

e A clear majority of fixed-wing aircraft fire events occurred below 6.1 km (20,000 ft).

e Similar to publicly-available data for commercial aviation shown in Figure 2-37, the vast
majority of fixed-wing aircraft fire events, ground and in flight, occurred with OAT above
-20 °C (-4 °F).

e In-flight rotary and fixed-wing aircraft fire events occurred predominantly near geographic
locations associated with the basic land environments, for which DoD design guidance
indicates the worst cold temperature exposure as 1 % at -31.7 °C (-25 °F).

The -40 °C criterion used by the NGP is likely conservative. The plots of the DoD fire mishap and
incident data in the preceding figures suggest that qualification of nacelle fire suppression systems at an
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OAT of 0 °C (32 °F) would respond to over 90 % of the expected fires, based on past experience. The
qualification requirements are generally a DoD safety policy matter that rests ultimately with the DoD
aircraft programs. This means that the safety and survivability risks associated with qualifying a system
with a suppressant that has a boiling point greater than criterion of -40 °C would need to be assessed to
determine whether the risk level is acceptable by the aircraft program manager, and the specific
performance requirements for the fire suppression system would be reflected in the aircraft specification.

2.3.7 Reignition

Reignition within an engine nacelle or dry bay compartment is always a threat so long as fuel vapor and
air can come in contact with sufficiently hot surfaces or if there is some other type of ignition source
present, such as arcing from an electrical harness or sparks generated from a rotating component
unintentionally in contact with another component. Within an engine nacelle, hot surfaces are the
primary ignition threat, as engine case temperatures can easily exceed 538 °C (1000 °F). After
suppressant discharge within a nacelle or APU compartment, hot fuel vapor may exist at levels which are
flammable, leading to the possibility of reignition. A puddle of hydraulic fluid or jet fuel leaking from a
cracked or failed line can vaporize as heat is transferred from a nearby hot metal surface. In addition, hot
metal surfaces may occur due to heating by the fire itself, which could occur within a nacelle or APU
compartment or even a dry bay compartment. Reignition may then arise from contact of the reactive
fuel/air mixture with the hot metal surface.”” In full-scale nacelle fire suppression testing during the TDP,
it was observed that when hot operating engine case temperatures were simulated, reignition could occur
due to residual fuel adhering to the surface or fuel continuing to be sprayed before being shut off. This
was seen typically at surface temperatures at or above 538 °C.°° That testing also indicated that when a
hot metal surface at 704 °C (1300 °F) was present, greater quantities of fire suppressant were required
when compared to no hot surface reignition condition. The NGP has also investigated how induction and
convection may control the reignition process. This investigation found that reignition is controlled by
cooling and mass transport towards the hot surface. A “worst-case” scenario for reignition was
characterized by maximizing the fuel mass transfer while keeping the characteristic time for cooling of
the surface shorter than the time to attain a flammable mixture.”'

Reignition suppression requirements within a dynamic environment on an aircraft are very dependent on
the specific scenario. Currently, there is no reliable method to predict the optimal agent requirements to
prevent it, other than conduct of full-scale testing for the unique aircraft configuration for all possible
reignition conditions. Strategies to prevent reignition include removing fuel vapor, reducing surface
temperatures, either through design or active cooling, and inerting the fuel/air mixture with a suppressant.
Fuel vapors can be removed intentionally by design or unintentionally as an affect of the ventilation
airflow required by a compartment for cooling. Leaking flammable fluids can be removed by drain holes
and systems or sump ejectors. Typically, before activation of the engine nacelle fire suppression system,
the jet fuel to the particular engine and hydraulic fluid flow to engine compartment accessories is shut
down. This limits the amount of fuel in the nacelle, but it could take a relatively long time to remove the
combustibles from the nacelle, especially low vapor pressure liquids.

In considering the issue of reignition, it is important to distinguish between the temperature at which
autoignition occurs vs. hot surface ignition. The autoignition temperature (AIT) is also referred to as the
spontaneous ignition temperature, self-ignition temperature or autogenous ignition temperature. It is the
lowest temperature at which the substance will produce a hot-flame ignition in air without the aid of an
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external spark or flame.”” This temperature is determined by heating a sample of a fluid in air in a
laboratory flask. The AITs for JP-type military aviation fuels range between 204 °C (400 °F) and 232 °C
(450 °F). For MIL-H-83282-type hydraulic fluid, the AIT is approximately 354 °C (670 °F). Aircraft
manufacturers will typically self-impose a safe design temperature (SDT) practice that is usually 10 °C
(50 °F) lower than the AIT of a fluid that may come in contact with a hot surface. This cannot be
accomplished for engine nacelles or APU compartments due to their case temperatures.

Reignition on a hot surface within a dynamic environment such as within an aircraft engine nacelle is
distinct from autoignition. Extensive lab-scale and full-scale testing has been conducted over the past
several decades that demonstrates, generally, hot surface ignition of aviation JP-type fuels and hydraulic
fluids used in military aircraft occurs at surface temperatures greater than the AIT for those fuels and
fluids. Minimum hot metal surface ignition temperatures for JP-8 (or kerosene) for ambient temperatures
and pressures and low air flows have been found to vary from 360 °C to 650 °C, depending on test
conditions. Hot surface ignition temperatures will generally decrease as the size or surface area increases
or as fuel contact time increases, and they will generally increase with increasing air velocity.” An
exception is MIL-H-83282 hydraulic fluid, which during testing conducted in a nacelle simulator with a
portion of a simulated F-16 engine was found to have the potential to ignite when exposed to a hot surface
below the fluid’s AIT and when ambient air temperature was heated to at least 150 °C (300 °F). At a
ventilation air temperature of 316 °C (600 °F) the fluid would ignite without the hot surface.”**""

From work conducted during the TDP it was asserted that a reasonable target concentration for
suppressant in the fire zone (not the free stream) is the concentration which ensures that the most
flammable fuel/air ratio cannot occur. Such a suppressant concentration should ensure both flame
suppression and prevention of re-ignition for a period of time on the order of the suppressant injection
(discharge) duration. After this period, however, it is likely that re-ignition would still be possible."

2.4 FIRE SUPPRESSANTS USED ON AIRCRAFT

As early as 1922, there is reference to implementation of engine compartment fire suppression, which
consisted of a fire extinguisher within that compartment that was controlled from the pilot’s seat.
Additionally, shutters were installed to eliminate external airflow into the compartment.”® No specific
reference is provided as to the fire suppressant in this case, but one could speculate. The Naval Studies
Board reported that in the 1920s, non-fluorinated halon agents were tried experimentally in engine nacelle
extinguishers, but their use was abandoned by the U.S. military in favor of the non-corrosive CO,.* Even
as aircraft fire suppression matured, there are instances in which researchers and aircraft designers ponder
the rationale for a specific requirement. An example of this is the unpublished technical data and various
published statements supporting the certification requirement for engine nacelle halon 1301 fire
suppression systems. Regardless, since the identification of stratospheric ozone depletion and subsequent
efforts to identify alternatives to the halons for aircraft fire suppression, there have been numerous
compilations of the history of fire suppressants used on aircratft.

il previous research indicated in Reference 149 also indicated for MIL-H-83282 an AIT of 354°C and a stream hot manifold
ignition temperature of 322°C. The later was determined by Federal Test Method Standard (FTMS) 7916, Method 6053. In
hot surface ignition studies surveyed in Reference 150, some of the studies showed MIL-H-5606 was more ignitable than
MIL-H-83282, whereas other studies surveyed, which used different test configurations, indicated diametrically opposite
results.
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Perhaps the most comprehensive compilations are those in reports generated by the National Institute of
Standards and Technology (NIST) under the TDP, by the Federal Aviation Administration (FAA) as part
of work it has been performing related to development of minimum performance standards for halon
alternative nacelle fire suppression systems, and by Kidde Aerospace and Defense, PLC, one of the
primary suppliers of aircraft fire suppression system components today."***”” Additional historical
references are contained within the investigation performed by the NGP to document active suppression
technologies for ullage fire/explosion protection and work done by Boeing to document options for dry
bay fire protection.’"”®

The following provides a brief summary of fire suppressants that have been used on DoD aircraft for
powerplant and dry bay fire protection, excluding halon alternative suppressants identified during the
TDP or developed under the NGP. The reader is referred back to Section 2.2.6 for discussion of
suppressants that have been utilized for ullage fire suppression. Fielding of halon alternative suppressants
subsequent to the TDP is discussed briefly in the next section. Throughout this section, the phrase
“powerplant” may refer to an engine or APU compartment or other type of powerplant described earlier
in this chapter.

241 Powerplant Compartments

The requirements for and implementation of aircraft fire suppression for powerplant compartments have
evolved for a variety of reasons, primary among them being powerplant design and the fire suppressant.
For example, powerplant fire suppression system design guidance published by the CAA in 1943 for use
of methyl bromide (halon 1001) and CO, was relative to mass airflow in the compartment and the number
of cylinders in a radial cylinder engine installation. For potential fire zones with high airflow, agent
quantity was to be based on 20 % of the mass airflow through the zone in two seconds.”” ™ Agent
distribution was to be accomplished using spray nozzles or perforated tubes providing approximate equal
distribution and a “sheet of agent spray” across the cross section of the protected zone orthogonal to the
airflow. These systems were to become known as conventional distribution systems. Figure 2-53
illustrates an example of this type of installation. The aircraft engine compartment fire suppression
systems for the B-36 and XR60-1 aircraft employed halon 1001. Some of the first aircraft to deploy fixed
CO, fire suppression systems for engine compartment protection included the C-46, C-47, B-17, B-26,
and the B-45 aircraft.

During World War II the German Navy sponsored efforts by 1.G. Farbonindustrie to develop an
alternative to halon 1001 due to its toxicity, which resulted in the development of chlorobromomethane
(CB or halon 1011) in the 1939 to 1940 time period. Halon 1011 was determined to be as effective as
halon 1001 and less toxic. Testing in 1942 by then Junkers/Dessau for the German Luftwaffe focused on
developing a powerplant fire suppression system using Dachlaurin (D-L), a mixture of 65 % halon 1011
and 35 % CO,. In early 1945 the Luftwaffe approved the principle of the D-L system and ordered its
installation on all German military aircraft, subject to then not-yet-established priorities. It was planned
that the D-L system was to be installed on the Messerschmitt ME 262, the first operational jet-powered
fighter.'” Given the time the directive was issued, it is likely D-L did not come into widespread use
before the end of the war. After the war extensive evaluation of halon 1011 was conducted within the
U.S. and by 1950, the USAF required use of halon 1011 systems instead of CO, systems in new aircraft

%X Ag of the writing of this book, CAA reports are available from the Department of Transportation’s Online Digital Special
Collections at http://dotlibrary.specialcollection.net/.
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and subsequently issued a specification for such systems.'”"'*!'®* Design guidance for use of halon 1011
in powerplant fire suppression system evolved as jet propulsion became more widespread and was
provided relative to compartment airflow and free volume. However, the conventional distribution
system approach was still employed for halon-1011-based fire suppression systems. Examples of these
arrangements are shown in Figures 2-54 and 2-55. Some aircraft known to have utilized halon 1011 for
powerplant fire suppression include the C-97, C-119F, C-123, C-130 and B-57 aircraft.
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Techniques for assessing adequate distribution, which are described later in this section, changed along
with the evolution to jet propulsion powerplants. During testing conducted by the CAA, it was observed
during filming and time recording of discharge duration from a conventional distribution system that the
apparent full-strength discharge time was 1 s.'® (The certification requirement that had been established
for the conventional fire suppression systems was, and still is, a required concentration level maintained
at all measured locations throughout the compartment for a minimum of 2 s.) During these same tests,
comparisons were made of fire suppression performance of conventional systems vs. open-ended systems,
which later became known as high-rate-discharge (HRD) systems. The HRD systems presented a
simplified distribution approach in that perforated distribution lines were replaced with few open tubes
out of which the fire suppressant would discharge at a much higher rate. Rather than relying on plumbing
to disperse the suppressant, dispersion would be effected by the turbulent mixing of the suppressant
discharge jet and the nacelle mass air flow. Further testing by the CAA demonstrated that the HRD
design required less halogenated fire suppression agent to suppress nacelle fires and simplified
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distribution system design. Testing conducted later by the Wright Air Development Center (WADC)
promoted the conclusion that the efficiency of a fire suppression system would be improved with
increasing suppressant discharge velocity, and that a “critical saturation value,” in percent by volume,
occurred between 15 m/s (50 ft/s) and 30 m/s (100 ft/s) for the suppressants evaluated (halon 1011, halon
1301, and dibromodifluoromethane or halon 1202).'”> The example fire suppression system installation
shown earlier in Figure 2-8 is a representative halon 1301 HRD system installation.
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Figure 2-54. Example Conventional Halon 1011 Fire Extinguishing System Distribution
Installation, Turboprop Powerplant.'®

Halon 1301, which had been determined to be superior to halons 104 and 1001 in hand portable
extinguishers during testing conducted by the Purdue Research Foundation (PRF),'” was also found to be
well-suited for use in powerplant HRD systems. During CAA tests that were performed that resulted in
the design guidance for halon 1301, in which a minimum discharge duration of 0.5 s is required,
discharge durations varied between 0.5 s and 0.9 s.'*!%!'% [t js interesting to note that technical
intelligence gathered after the end of World War II suggested that design policy for engine compartment
CO, fire suppression systems followed by the Imperial Japanese Navy required discharge within 1 s.* A
timeline of the evolution of the 0.5 s duration requirement for HRD systems can be hypothesized based on
year of publication of the reports and specifications as follows:

o 1948: As mentioned previously in Chapter 1, the U.S. Army commissioned the PRF to search
for a suppressant of high fire suppression efficiency but low toxicity. During flammability
limit testing a halon 1301 inerting concentration was determined as 6 % volumetric
concentration. This testing was not related to engine nacelle fire suppression.
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Figure 2-55. Example Conventional Halon 1011 Fire Extinguishing System Distribution

Installation, USAF Turbojet Powerplant.'"

1953: Fire testing is conducted by the CAA to determine the minimum amounts of
suppressant required for varying airflows using CO, and halons 1001, 1011, and 1202.'"?
Statham Laboratories began manufacturing the Model GA-1 Gas Analyzer for the USAF for
use in measuring suppressant concentrations based on an experimental gas analyzer
developed by the USAF.'" This device is to later become known throughout the aviation fire
suppression field as the Statham Analyzer.

1955: Fire and suppressant concentration testing was conducted by the CAA using halon
1011. A recommendation was developed that halon 1011 systems provide a minimum 15 %
volumetric concentration for 1 s.'%

1956: Fire testing of HRD systems was conducted by the CAA using CO, and halons 1001,
1011, 1202, and 1301, and design formulae for suppressant quantity are published. In
successful fire extinguishment tests using the halons, discharge durations are indicated to
have varied between 0.5 s and 0.9 s.'® For CO, the duration was indicated to have varied
between 1.25 s and 1.35 s.
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e 1958: Fire testing of conventional and HRD systems was conducted by the CAA for the
Northrop F-89 Scorpion using halons 1011, 1202 and, to a lesser extent, halon 1301.""* This
effort included specific tests to evaluate discharge duration and distribution using halon 1011.
An overlapping time period of 0.44 s was noted for the two compartment sections evaluated,
as indicated in Figure 2-56. (In Figure 2-56 the time axis is in 0.125 increments, thus
0.44 occurs between three and four increments.) Though the report indicates that by the time
halon 1301 had been evaluated in the HRD system for fire testing some degradation in the
test article had occurred, there is no indication in the report that this was a factor in the halon
1011 discharge duration and distribution tests (i.e., they may have been completed prior to
conduct of halon 1301 fire testing).

e 1959: Fire and concentration measurement testing (using a then Statham Laboratories
concentration analyzer) at WADC concluded for halon 1301 that roughly a 5.8 % “critical
saturation value,” in percent concentration by volume, is required for fire extinguishment.'®
Later during the year, the required minimum relative concentration for halon 1301 was
published as 15 %, which was specified to be maintained in all parts of the affected zone and
persist in each part of the zone for at least 0.5 s at normal cruising condition. The relative
value is that indicated by the Statham measurement device corresponding to a halon 1301
6 % volumetric concentration. At the end of the year, the military specification for
installation and test of HRD aircraft fire suppression systems, MIL-E-22285, was issued.'”
The specification includes the previously published halon 1301 design formulae for
suppressant quantity.

e 1960: The military specification for installation and test of HRD aircraft fire suppression
systems was reissued, revising the concentration requirement from 15 % relative to 6 %
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Figure 2-56. Minimum Discharge Duration from an HRD System Using Halon 1011.""

The HRD design formulae that have since been applied for sizing halon-1301-based systems in DoD
aircraft applications have essentially remained unchanged since they were first published and were based
on testing conducted on a single piston-engine powerplant and one jet power plant. Like the design
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guidance for conventional halon 1011 systems, HRD system design guidance is also relative to
compartment airflow and free volume. Additionally, a review of the CAA reports indicates that the
number of tests conducted using halon 1301 preceding the issuance of MIL-E-22285 was limited. The
CAA report that issued the design formulae indicates very few data had been obtained for halon 1301 but
that it appeared equal to halons 1001 and 1202 on a weight basis. Given that the HRD design formulae
published by the CAA were identical for halons 1001, 1202, and 1301, it is possible that in the case of
halon 1301 the design guidance for it was asserted qualitatively at that time. It is also possible that this is
the case for the 0.5 s discharge duration requirement, as discharge duration testing conducted by the CAA
prior to the issuance of MIL-E-22285 was conducted using halons 1011 and 1202.

As indicated in Table 2-10, halon 1301 is today by far the most widely implemented of the halon
suppressants for powerplant fire protection (nacelles and APU compartments) on DoD aircraft. Although
Table 2-10 is not necessarily meant to be totally comprehensive, it depicts the magnitude of halon 1301
implementation across the DoD. The distribution systems are predominantly HRD designs. For
reference, the table also lists other fire suppressants used today excluding halon-alternative fire
suppressants installed on DoD aircraft since the Montreal Protocol. These are various forms of nitrogen-
based fire protection and aluminum oxide, which is used on some aircraft in powder panels for passive
dry bay protection.

242 Dry Bay Compartments

As discussed earlier in this chapter there are no active halon fire suppression systems installed currently
on DoD aircraft for the specific purpose of ballistic dry bay fire protection, though there are
compartments for which halon fire suppression is provided to protect against safety fire threats and for
which such compartments are also vulnerable to ballistically-induced fire. The C-5 nitrogen fire
suppression system provides protection for various dry bay compartments as indicated in Figure 2-57.
System discharge is automatic for fires detected in the wing and pylon leading edge dry bays. Aluminum
oxide powder (Al,Os) has also been fielded on several DoD aircraft. The powder is contained within a
parasitic honeycomb panel to prevent ballistically-induced fires in dry bays adjacent to fuel cells and was
first developed by the Royal Aircraft Establishment in England.'"” If ruptured by a ballistic projectile, the
panel releases a powder suppressant to quench incendiaries released by the projectile. The powder panel
indicated in the example wing leading edge dry bay shown earlier in Figure 2-18 is an example of a
parasitic powder panel installation. Chapter 9 describes NGP work to develop advanced powder panel
design techniques.

2.4.3 Certification

The current requirement to certify other than dry-bay fire-suppression systems on aircraft that use halon
1301 requires demonstrating a minimum suppressant concentration for at least 0.5 s at all measurement
locations simultaneously. Minimum suppressant concentration requirements for CO,, and halons 1001,
1011, 1202, and 1301 are indicated in FAA Advisory Circular 20-100.""® (Military specification
MIL-E-22285 provides these requirements for halon 1301 only.) By today’s method for certifying halon
1301 powerplant fire suppression systems, previous methods would seem somewhat subjective. One
previous method was to discharge water through the distribution system, capture the discharge by large
aerology balloons, and determine the quantity discharged as being equal to the difference between the
total quantity and quantity captured, assuming a 10 % system loss.
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Table 2—-10. Fire Suppressants on DoD Aircraft.”™
Halon 1011 Halon 1202 Halon 1211 Halon 1301 Nitrogen Aluminum
(CH,CIBr) (CF,Br,) (CF,CIBr) (CF;Br) N2) Oxide (AL,O5)
USAF: USAF: USAF: USAF: USAF - LN, USAF
C-130 C-5,C-141 C-130J MH-53, HH-60 (ullage and dry (dry bay):
A/OA-10, B-2 bay): CV-22
USN: USN: B-1B (overwing C-5
DC-130A Note: halon KC-130] fairing) USN (dry bay):
LC-130F/R 1202 is an C-5 (cargo, avionics, | USAF — MV-22
TC-130G alternate for and center wing) OBIGGS NEA AH-1W/Z
halon 1011 on C-9, KC-10, C-12 (ullage): UH-IN/Y
USAF and USN C-17, C-20, C-22B F-22
C-130 aircraft, C-32A, C-40 C-17
except for C-135, VC-25A
C/KC-130] C-141, E-3A USN -
aircraft. E-4A, E-8C OBIGGS NEA
F-16 (ullage) (ullage):
F-15,F-117 V-22
T-34A,T-39, T-43 | AH-1Z
UH-1Y
USN:
AH/UH-1, SH-2 US Army -
HH/SH/UH-3 OBIGGS NEA
CH/HH-46 (ullage):
CH/MH-53 AH-64
HH/SH-60 MH-47E
C-2A, C-9 MH-60
C-12, C-20
E-2C, E-6A
EA-6B, F-14
F/A-18C/D
P-3,8S-3
T-39, T-44A

C-130 (excluding
C-130s with halon
1011, 1202 or 1211)

US Army:

AH-64, CH/MH-47
EH/MH/UH-60
C-7,C/RC-12, C-20

% Table 2-10 excludes halon alternative fire suppressants installed on DoD aircraft since the Montreal Protocol. These aircraft
are the MV/CV-22, F-22, and AH-1Z/UH-1Y, each of which utilizes HFC-125 for nacelle fire suppression and OBIGGS
NEA for fuel tank inerting. Also, the F/A-18E/F utilizes HFC-125 for nacelle fire suppression, except for EMD and LRIP 1
aircraft, which utilize halon 1301. The F/A-18E/F and MV/CV-22 use inert gas generators for dry bay fire suppression. The
gas discharge is a gaseous mixture of carbon dioxide, nitrogen, and water vapor. Gas generator technology is also being

evaluated for dry bay fire suppression on the Joint Strike Fighter (JSF) aircraft.
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Distribution ratios were determined for each zone protected by the system, thus the required quantity of
suppressant for each zone could be determined prior to testing. Another previous method was to measure
discharge duration by means of motion pictures taken at the rate of 32 frames per second. Neither of
these previous methods could be accomplished in flight.

The Statham-type suppressant concentration analyzer device mentioned in the previous section permits
in-flight measurement of fire suppressant concentration.™*!'” This type of analyzer operates based on a
linearized viscosity mixing theory using the weighted viscosities of a binary gas mixture, i.e., air and the
fire suppressant. Since the viscosity of pure air differs from that of pure fire suppressants, readings will
show that a mixture of gases is present and the “relative” concentration of the suppressant will be
indicated by the differential pressure reading obtained. An algorithm converts relative concentration
values to volumetric concentration values based on the unique calibration of the analyzer and the fire
suppressant. A vacuum pump draws the gas mixture samples through twelve sampling probes (copper
tubes) into sensor assemblies. Sampling probe ends are oriented perpendicular to compartment airflow
and are located throughout the compartment (Figure 2-58). In each sensor assembly, the gas passes
through filter screens, a heat exchanger, a capillary tube differential pressure sensor section, and finally
through a sonic flow orifice. The heat exchanger section ensures uniformity of monitoring conditions,
and tests are performed only after thermal equilibrium is achieved. The sonic flow orifice ensures a
constant flow while the capillary tubes create the pressure drop measured by a transducer. The transducer
transmits the pressure signal to a processor unit which performs the necessary calculations and then
records and displays relative concentrations.''® The relative concentrations are then converted to
volumetric concentrations for evaluation as to whether the fire suppression system meets a certification
requirement (Figure 2-59).

Until recently, non-dry-bay fire suppression systems qualification has been normally accomplished by
concentration measurement. There are unique cases where a system such as a nacelle fire suppression
system will be qualified by fire testing. In this case, performance requirements will be specified and
agreed to by the acquisition or certifying agency and the aircraft manufacturer. Nacelle fire suppression
systems that have been qualified through fire testing are those on the USN F/A-18E/F, which uses
HFC-125 as the fire suppressant, and the commercial Eclipse 500 aircraft, which uses PBr;.

The certification requirement to demonstrate compliance with survivability and vulnerability
requirements is Congressionally legislated in Title X, Section 2366 of the United States Code of Federal
Regulations, which was passed in 1987. This live fire test legislation requires that realistic testing be
done on new systems before they reach the field. The vast majority of DoD aircraft fielded today had
initial operating capability prior to enactment of this legislation. Thus it is probable that compartments on
aircraft for which halon fire suppression is provided to protect against safety fire threats and for which
such compartments are also vulnerable to ballistically induced fire, no live fire testing had been
performed, and that such halon systems were certified solely by suppressant concentration measurement.

*i There are several versions of this type of analyzer that are certified by the FAA for use in performing fire suppression system
concentration measurement for the purpose of qualifying or certifying aircraft fire suppression systems. One is the Statham
Analyzer, owned and operated by Walter Kidde Aerospace. This is a modified version of the original Statham analyzer
described earlier. Another analyzer is the Halonyzer, of which there are currently two versions, Halonyzer 2 and Halonyzer
3. One Halonyzer 3 analyzer is owned and operated by its manufacturer, Pacific Scientific/HTL Kin-Tech. One Halonyzer 3
analyzer is also owned and operated each by Boeing commercial and by the USAF at WPAFB. One Halonyzer 2 analyzer is
owned and operated by Airbus Industries in France. Finally, a ‘modified’ Halonyzer 2 analyzer is owned and operated by
the FAA Hughes Technical Center Fire Safety Branch.
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Nitrogen Fire Suppression Zones and Controls
Flight Engineer’s Nose Wheel Well
Panel Discharge Panel Discharge
Zone Spaces Included in Zone Pushbutton Pushbutton

1 Left wing dry bay, left outboard leading edge, left Left outboard wing Left wing

outboard pylon leading edge
2 Left wing root dry bay, left inboard leading edge, Left inboard wing Left wing

left inboard pylon leading edge
3 Right wing root dry bay, right inboard leading edge, Right inboard wing Right wing

right inboard pylon leading edge
4 Right wing dry bay, right outboard leading edge, Right outboard wing Right wing

right outboard pylon leading edge
5 Nose wheel well Nose wheel well -
6 Cargo under floor, forward Under floor, forward Under floor, forward
7 Cargo under floor, middle Under floor, forward Under floor, forward
8 Left main wheel well Left main wheel well -
9 Right main wheel well Right main wheel well -
10 Cargo under floor, aft Under floor, aft Under floor, aft
11 Left power turbine unit (PTU) compartment Left PTU Under floor, forward
12 Right power turbine unit (PTU) compartment Right PTU Under floor, forward

Figure 2-57. Zones Protected by the Nitrogen Fire Suppression System on C-5 Aircraft.'"
(Reprinted with permission by the USAF Warner Robbins Air Logistics Center)
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Figure 2-58. Fire Suppressant Concentration Analyzer Sampling Probe Installation.
(Printed with permission of the Naval Air Systems Command.)
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Figure 2-59. Example Fire Suppression System Suppressant Concentration
Measurement.
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Previous testing with halon 1301 for suppression of dry bay compartment fires with ventilation induced
by damage from a ballistic projectile indicated that halon 1301 would suppress fires if discharged very
fast, on the order of 10 ms, from a fire bottle type used on the United Kingdom CH-47 Chinook
helicopters, or if a comparable halon 1301 quantity was discharged from a bottle design typically used for
nacelle or APU fire suppression, from which the suppressant will discharge in approximately 1 s. Even
though this testing showed that both types of bottle configurations provided halon 1301 concentrations
well above 6 % for greater than 0.5 s,”' no concentration-based dry bay fire suppression system
certification requirement was ever established by the DoD. Likewise, even though there is historical
reference to the fielding of reactive ullage fire suppression systems, there is no DoD concentration-based
qualification requirement for these systems as well. It should be noted that the fast discharge capability of
the fire bottle type United Kingdom CH-47 Chinook helicopters is consistent with the design guidance
indicated in Figure 2-60 for a confined space (i.e., constant volume), which has existed since 1965.

Response Time
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Typical Pressure Curve of
Suppressed Explosion in
Confined Space

Typical Pressure Curve of
Explosion in Confined Space

Figure 2-60. MIL-HDBK-221 Design Guidance for Explosion Suppression.'®

In the case of the C-5 nitrogen fire suppression system, which is an extension of the fuel tank LN, inerting
system and provides dry bay fire protection, the system is required to reduce the oxygen level within the
compartment into which it is discharged, ullage or dry bay, to 10 % or less “in the time duration necessary
to cope with the particular fire hazard.” (Typically, the DoD will require that ullage inerting systems
reduce oxygen concentrations to 9 % or less.). The USN A-6E ullage inerting system was designed to
maintain a halon 1301 volumetric concentration of 20 % upon activation.'*!

OBIGGS installations on currently-fielded DoD aircraft were typically certified by measuring the oxygen
concentration with a single oxygen sensor installed at the fuel vent interface in one or more fuel tanks or
by installing an oxygen sensor on a fill port, as indicated in Figure 2-61. Today, as work continues
towards developing OBIGGS for commercial transport aircraft, an oxygen-gas sampling system has been
developed by the FAA that is utilized and operates in a manner similar to the concentration measurement
analyzers utilized for certifying nacelle fire suppression systems.
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Figure 2-61. Typical Legacy OBIGGS Qualification Test Oxygen Concentration
Measurement Location.
(Printed with permission of the Naval Air Systems Command.)

2.5 HALON ALTERNATIVE TECHNOLOGY DEVELOPMENT PROGRAM (TDP)

Chapter 1 discussed why the DoD initiated the TDP and its goal for identifying near-term,
environmentally friendly, and user-safe alternatives to halon for aircraft engine nacelle and dry bay
applications, and why the limitations of what had been identified along with new/emerging environmental
constraints required continued research and development for these applications. However, the breadth
and technical approach of the TDP is historically significant. Like previous efforts related to aircraft fire
suppression, the TDP spanned several years and was a collaborative effort involving participants from
government agencies, industry, and academia.
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Following the DoD’s 1989 delineation of its policy on halon replacement research, over 600 potential
halon replacement chemicals were assessed.”'** This was followed by the USAF initiating the Halon
Replacement Program for Aviation in 1992 to develop a non-ozone depleting solution for on-board fire
suppression within a timeline to support the F-22 aircraft acquisition program. In addition to the F-22, the
V-22 and F/A-18E/F acquisition programs also implemented requirements for fire suppression systems
having non-ozone depleting fire suppression agents. Thus, the scope of program was subsequently
expanded to address requirements of all DoD and civilian aircraft engine nacelle and dry bay applications
and was jointly-sponsored by the USAF, USN, U.S. Army, and the FAA as the TDP. Additionally, an
oversight group, the Halon Alternatives Steering Group (HASG), was established to coordinate efforts
within the TDP as well as other government research and development (R&D) programs related to fire
suppression. This included coordination with related efforts under the EPA’s SNAP program, which
addressed both environmental acceptability and personnel safety, e.g., toxicity, of candidate halon
alternative suppressants. The TDP was a three-phase program, each of which is discussed briefly below.
The reader is encouraged to refer the publications referenced in this section for more detailed discussion.

251 Phase 1 — Operational Parameters Study

Phase 1 determined parameters in aircraft engine nacelles and dry bays that have the greatest influence on
the quantity of fire suppressant required to extinguish fire in those types of compartments.'>'**
Characteristics of each of these compartment types on then-fielded aircraft were acquired to support
development of a test matrix used during this portion of the TDP. A statistical design of experiments
(DOX) methodology was employed to reduce the number of possible test configurations to 32 using a
Plackett-Burman two-level fractional factorial design to permit study of the effects of 14 parameters
related to dry bay compartments and 16 parameters related to engine nacelle compartments along with
interactions of factors with only 32 test runs for each compartment. Evaluating two'* combinations of dry
bay compartment factors and two'® combinations of engine compartment factors was not feasible. The
DOX methodology permitted evaluating effects of the parameters for each compartment type within the
physical and economic resources available to the TDP as well as to permit concurrent acquisition
programs to meet schedule requirements for implementing non-ODS-based fire suppression systems.
Table 2-11 lists, in order of significance, the factors found during Phase 1 testing at Wright-Patterson Air
Force Base (WPAFB) to influence fire suppression the most in each compartment type. Concurrent
studies and testing of candidate halon alternative chemicals were conducted by NIST to evaluate materials
compatibility, thermodynamic properties, fluid dynamics associated with discharge, flame suppression
effectiveness, flame inhibition chemistry, agent stability under storage, and affects to personnel and the
environment.'”  The combined outcome from the WPAFB and NIST efforts resulted in the
recommendation that the chemicals listed in Table 2-12 be evaluated during Phase 2.

Table 2-11. Most Significant Fire Suppression Parameters Identified
During Phase 1.

Engine Nacelle™" Dry Bay
Surface Temperature (34 %) Compartment Volume (48 %)
Fire Suppression Agent (14 %) Fire Suppression Agent (28 %)
Clearance, or Nacelle Free Volume (12 %) External Airflow Rate (13 %)

i Two additional non-confounded parameters identified were nacelle airflow temperature and fuel temperature. Testing
during Phase 1 also highlighted the significance of hot surface reignition.
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Table 2-12. Halon Alternative Fire Suppressants ldentified for Phase 2 Evaluation.

Engine Nacelle Dry Bay
Pentafluoroethane (HFC-125) Octafluoropropane (FC-218)
Chlorotetrafluoroethane (HCFC-124) Pentafluoroethane (HFC-125)
Trifluoroiodomethane (CF;I) Heptafluoropropane (HFC-227¢a)
Heptafluoropropane (HFC-227¢a) Trifluoroiodomethane (CF3I)
2.5.2 Phase 2 — Operational Comparison of Selected Extinguishants

The fire suppressants identified during Phase 1 as the most promising halon alternatives for engine
nacelle and dry bay fire suppression applications were subjected to additional testing during Phase 2.'%%'*’
The DOX methodology was again employed to further evaluate effects of the most significant parameters
identified during Phase 1 for each compartment type. Additional factors were also included based on
discussion with aviation fire suppression experts. For dry bay fire testing, two additional factors
evaluated were fire suppression agent container temperature and clutter (obstructions in the dry bay that
inhibit suppressant distribution). For nacelle fire testing, four additional factors were evaluated: fire
location in the nacelle, fuel type, nacelle mass airflow rate, and fire suppression agent container
temperature. Table 2-13 lists, in order of significance, the factors found during Phase 2 testing at
WPAFB to influence fire suppression the most in each compartment type. Additional testing was
conducted by NIST to further evaluate fire suppression efficiency, stability during storage, safety
following discharge, agent discharge behavior and performance, and interaction with metal fires.
Techniques for real-time concentration measurement were also developed along with guidance for engine
nacelle fire suppression design and certification.'”"> The combined outcome from the WPAFB and NIST
efforts resulted in the down-selection to pentafluoroethane (HFC-125) as the optimal near-term halon
alternative fire suppression agent for both engine nacelle and dry bay applications. This chemical was
taken into Phase 3 for detailed evaluation.

Table 2-13. Most Significant Fire Suppression Parameters Identified
During Phase 2.

Engine Nacelle Dry Bay
Surface Temperature (39 %) Compartment Volume (45.3 %)
Fire Suppression Agent (15 %) Fire Suppression Agent (23.6 %)
Nacelle Airflow Temperature (10 %) Compartment Volume and Location

Interaction (14.3 %)

Surface Temperature and Nacelle Airflow
Temperature Interaction (6 %) Fire Suppressant Bottle Location (5.5 %)
Fire Location (4 %)

253 Phase 3 — Establishment of Design Criteria Methodologies

During Phase 3, extensive engine nacelle and dry bay fire testing was conducted using HFC-125. The
DOX methodology was again employed to evaluate effects of the most significant parameters identified
during Phase 2 for each compartment. Extensive statistical analysis of the test data was conducted to
develop design models (equations) for aircraft engine nacelle, APU and dry bay applications.”’ The
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equations were developed to assist designers in sizing nacelle and dry fire suppression systems using
HFC-125. Table 2-14 summarizes the variables that are to be taken into consideration when applying
each of the equations.

Table 2-14. Fire Suppression Parameters in Design Guidance Developed
from Phase 3.

Engine Nacelle Dry Bay
Surface Temperature Location — Impact Angle of Ballistic
(Set at 454.5 °C) Projectile Relative to the Horizon
Nacelle Airflow Temperature Dry Bay Free Volume
Nacelle Mass Airflow Rat
acete Vas AT oW e External Airflow Rate
Fuel Type

Evaluation of data from engine nacelle fire testing highlighted the significance of engine surface
temperature. Various models were developed to converge on one that would provide a best fit to the
experimental data. Curve fits from test data in which the surface temperature was 454.4 °C (850 °F) and
lower better modeled the overall test results than curve fits that included test data in which the surface
temperature exceeded 454.4 °C. This was attributed to the variability induced from hot surface reignition.

Applying the HFC-125 engine nacelle fire suppression design model is a two-step process. The first step
is to calculate the HFC-125 concentration required to certify the system. The equation bounds the
resultant concentration to either a minimum of 14.6 % and a maximum of 26 %. Embedded within the
concentration equation is a factor for a nacelle hot surface temperature of 454.5 °C. The calculated
concentration is then used an input variable in a sizing equation to estimate the quantity of HFC-125
needed to provide the needed concentration for certification. Though the sizing equation is similar in
structure to the current design guidance for halon 1301 in that it contains nacelle mass airflow and nacelle
free volume as variables, the testing performed under Phase 3 resulted in this two-step design guidance
that includes concentration based on values of nacelle-specific parameters. Previous analyses of the
current halon 1301 design guidance had indicated that the concentration variable may have been
considered, but it may have been embedded with the concentration value fixed at the halon 1301
flammability limit of 6 %.%'%

During dry bay testing, all ballistic shots were initially horizontal with the projectile entering the dry bay
compartment from the side. However, additional consideration was given to the fact that some aircraft
have belly dry bay compartments. This resulted in testing of vertical shots entering from the bottom of a
dry bay. This testing and subsequent data analysis proved that shot angle was an important variable and
is one of the variables that must be taken into consideration when applying the HFC-125 dry bay model.
During design of an HFC-125 dry bay fire suppression system, the dry bay design model provides an
estimate of suppressant quantity needed to suppress a dry bay fire. Prior to the development of this model
there had been no design guidance for the sizing of halon 1301 dry bay fire suppression systems, though
analysis of results from a previous test effort indicated a halon concentration range between 3 % and 9 %
for a protection system incorporating a non-discriminating fire detection sensor, and a range between 6 %
and 12 % for a system incorporating a discriminating sensor.'’
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254 Impact of Halon Alternative Fire Suppression to the Aircraft

Nacelle/APU Fire Suppression Applications

As the DoD has relied heavily on halon 1301 for aircraft fire suppression applications, the impact of what
was learned during the TDP as well as from subsequent aircraft-specific development and testing efforts
has become clear. Application of the outcomes from the TDP would result in halon alternative fire
suppression systems that, relative to halon 1301 systems, would:

e  Weigh more, due to both the increased mass of suppressant and the increased size of the
bottle required to store the suppressant;

e Be more costly to optimize via enhanced distribution, which itself may lead to an incremental
weight increase; or

e Cost more to support over the lifetime of an aircraft, e.g., increased weight translates to
increased materials required for fabrication as well as increased fuel consumption and thus
increased cost.

For example, on the V-22 fire door, actuators will close off two of three air inlets prior to discharge of the
nacelle fire suppression system, which substantially reduces airflow through the nacelle. It was estimated
that approximately 1.07 kg (2.35 Ib) of halon 1301 would be required to protect each V-22 engine nacelle
under this reduced airflow condition, whereas a fire bottle containing 2.72 kg (6 1b) of HFC-125 is
installed for each nacelle for this same condition (2.55 times the estimated halon 1301 quantity).”*’ At the
time of design and qualification of the V-22 nacelle fire suppression system, the TDP design equations
had not yet been developed. However, the then-available mass equivalence ratio for HFC-125 mass
quantity relative to halon 1301 and a flame suppression number (FSN) were applied in the design analysis
for the V-22 system.

Legacy AH-1W/UH-IN aircraft have two fire bottles, primary and reserve, each containing 0.9 kg (2 1b)
of halon 1301 for engine nacelle fire protection. The upgraded versions of these aircraft, the AH-1Z/
UH-1Y, include exhaust suppression systems. Simply adding such systems can require requalification of
a nacelle fire suppression system as nacelle airflow, compartment temperature and suppressant
distribution can be impacted. However, these aircraft were also required to implement HFC-125 as the
halon-alternative fire suppressant. Examination of the analysis approach to determine the needed HFC-
125 mass quantity, which was similar to that used for the V-22, suggested that 1.36 kg (3 Ib) of halon
1301 would have been required to protect the nacelles, but these aircraft now have a single fire bottle
containing 3.72 kg (8.2 Ib) of HFC-125, a single discharge system."’' This was the mass quantity
determined to be necessary to meet a concentration requirement based on application of the TDP
concentration equation. Thus relative to a need to only discharge a single fire bottle on the legacy
aircraft, the upgrade aircraft HFC-125 suppressant quantity represents an increase of over 2.7 times the
potential halon 1301 quantity required and 4 times the halon 1301 installed on legacy aircraft.

For halon 1301, peak flammability limit is indicated by the FAA as the rationale for the 6 % volumetric
concentration certification requirement. = What the preceding discussion of halon alternative
implementation indicates, and what Figure 2-62 illustrates, is that implementing a chemical halon
alternative for nacelle fire suppression, in this case HFC-125, is likely to require well over twice the mass
quantity of suppressant relative to halon 1301, if typical nacelle fire suppression system design practices
are followed. (Figure 2-62 provides a graphical comparison of the current halon 1301 certification
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requirements, the minimum and maximum HFC-125 design equation concentrations and the FAA
HFC-125 minimum performance standard vs. various published peak flammability limits for both halon
1301 and HFC-125.)
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Figure 2-62. Comparison of Halon 1301 Certification Requirement and HFC-125 Design
Equation Limits vs. Published Flammability Limits.”™"

Typical design practices usually entail using design guidance (i.e., equations) to estimate suppressant
mass quantity needed, conducting analysis of nacelle airflow characteristics for the purposes of designing
the suppressant distribution system and discharge location or locations within the nacelle, and then
performing qualification tests and, if necessary, adjusting the discharge locations in order to pass
qualification; i.e., try different nozzles on the ends of the distribution tubing or changing the orientation of
the discharge locations. Though the systems may then meet certification requirements, the entire process
can result in non-optimized suppressant distribution, which is illustrated in Figures 2-63 and 2-64.

il 1y Bigure 2-62, the n-heptane flammability limit is from Reference 65. i-Butane, Methane, Propane (max) and Propane
(min) flammability limits are from Standard for Clean Agent Fire Extinguishing Systems, NFPA 2001, 2000 Edition.
Propane (TDP) flammability limit is from Reference 13. The WADC Ceritical Saturation Value is from Reference 105.
TDP Design Equation Min and Max values are from Reference 90. It is interesting to note that the same halon 1301
volumetric concentration determined by the WADC in 1959 was also indicated in later work described in Dyer, J.H.,
Marjoram, M.J., and Simmons, R.F., “The Extinction of Fires in Aircraft Jet Engines — Part III, Extinction of Fires at Low
Airflows,” Fire Technology, 13, 126-138 (1977).
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Figure 2-64. Example of Non-Optimized HFC-125 Nacelle Concentration Distribution.
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In the case of the F/A-18E/F aircraft, optimizing the nacelle fire suppression system distribution resulted
in the fielding of a nacelle fire suppression system with an HFC-125 mass quantity (3.17 kg, 7.0 1b) only
1.27 times of that required for the halon 1301 system (2.49 kg, 5.5 1b) on legacy F/A-18 aircraft. While it
has been long promoted that the distribution system itself is probably the most important single factor in
system design,'*” the distribution system design on the F/A-18E/F resurrects the concept of increased
dwell time within the nacelle after discharge. This implementation parallels a recommendation following
detailed review of the F-22 full-scale engine nacelle fire test program to maintain suppressant inerting
concentrations for an appropriate duration by optimizing delivery and distribution.'”® The F-22 is
discussed later in this section. Though the F/A-18E/F system is an HRD system, the suppressant dwell
time throughout the entire nacelle is similar to the duration requirement for historical conventional system
designs in that the dwell at or above the HFC-125 critical suppressant volume fraction (8.7 %) is
maintained for at least 2 s. However, in the portion of the nacelle for which there is a hot-surface ignition
threat the suppressant concentration was at or above the flammability limit for at least 0.5 s. An example
of this concept is shown in Figure 2-65. Strict application of the HFC-125 concentration equation for the
F/A-18E/F would have imposed a certification requirement of 18.5 % volumetric concentration
throughout the nacelle for 0.5 s minimum.*’ In the case of the F/A-18E/F aircraft, it was necessary to
optimize suppressant distribution to utilize the physical location of the fire bottle, which was to remain
unchanged from the legacy F/A-18C/D design unless significant and costly aircraft structural
modifications were pursued. It is interesting to note that even if an 18.5 % volumetric concentration
requirement were imposed, the design guidance for the HFC-125 equations indicates that they are
intended to provide protection for fire events not subject to hot surface reignition.”

The F/A-18E/F experience is an example of aircraft program managers trading the impacts associated
with various design options. These trades also take into consideration the amount of resources available
to evaluate trade options adequately. Thus, limitation of such resources for another aircraft program
manager may only permit traditional design practices to be applied. However, either scenario necessitates
that the fire suppression system design be optimized to the greatest extent practicable. Chapter 8 provides
detailed discussion of the CFD analysis tool developed under the NGP, which is intended for use by
aircraft nacelle fire suppression system designers to optimize suppressant distribution.

Another issue that was investigated during the F/A-18E/F testing efforts relates to the use of the Statham
and Halonyzer suppressant concentration gas analyzers used currently to certify nacelle fire suppression
systems. The issue of response time of such equipment was investigated during the TDP, and during the
F/A-18E/F efforts, testing was conducted to show that such equipment may miss the concentration levels
that actually result in fire suppression.'** That this could occur had been noted in early application of the
Statham analyzer, for which it was concluded that as the suppressant-air mixture was drawn into a
sampling tube, normal gas diffusion would tend to level peak concentrations if the peak is preceded and
proceeded by lower concentrations.'” A qualitative conclusion derived from the F/A-18E/F evaluation
was that such equipment may be a good technique for suppressants that chemically interact with the
combustion process, such as halon 1301, but may be limited in use with suppressants such as HFC-125,
which physically interact with the combustion process. Thus following traditional design practices,
HFC-125-based nacelle fire suppression systems may then be designed to accommodate more mass than
is actually required. The NGP has transferred to the DoD test and evaluation community detailed
information for the development and use of a Differential Infrared Rapid Agent Concentration Sensor
(DIRRACS-2), which is described further in Chapter 5. Application of CFD modeling and DIRRACS-2
can be used to resolve these issues in nacelle fire suppression system design.
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Another fire suppression methodology that was developed concurrent with the TDP and subject to HASG
oversight was the solid propellant gas generator (SPGG), which disperses an inert gas mixture of
nitrogen, carbon dioxide, and water vapor. Similar to gas generators developed for automobile airbags,
these devices rapidly generate large quantities of this inert gas mixture, which results from internal
combustion of multiple pellets (or grains) of the propellant. The mixture is very hot upon exit from the
device but cools rapidly as it expands within the compartment into which it is discharged. Full-scale
engine nacelle fire suppression testing for the USAF F-22 evaluated HFC-125 along with inert and
chemically-active gas generator technology.”® The USN had previously evaluated the inert gas generator
technology for nacelle fire suppression for the F/A-18E/F and demonstrated that similar mass quantities
of halon 1301 and the inert solid propellant would suppress fire and prevent reignition.'*> During testing
on the F-22 program, distribution lines from the generators to the nacelle would become white hot during
discharge and for a brief period thereafter. In testing performed by the USN using a “single grain” inert
gas generator, the same effect of heating of the distribution line during discharge was also noted. Placing
inert gas generators within a nacelle and thus eliminating the need for distribution lines had been
previously considered impractical due the potential degrading effect of the nacelle operating temperature
environment on the life of the solid propellant. Inconel distribution lines were demonstrated to not melt
but would still become white hot. The NGP subsequently developed and performed evaluations of solid
propellant formulations that generate cooler effluent that is also more efficient at fire suppression
(Chapter 9).

It was during the F-22 nacelle fire suppression evaluations that these newer, chemically-active gas
generator propellant formulations were tested in a full-scale application for the first time. In general at
least 25 % to 50 % less chemically-active propellant mass was required to suppress nacelle fires relative
to the amount of inert propellant mass. For one formulation over 70 % less mass relative to the inert
propellant provided successful fire suppression. However, the biggest surprise from the F-22 evaluations
was that the same mass quantity of halon 1301 and HFC-125, 6.4 kg (14.1 1b) each, suppressed the worst-
case hot-surface reignition fire threat condition in the F-22 nacelle.'*> Though the suppressant mass was
similar, in-depth analysis of the suppressant concentrations at the fire zone revealed that the inerting
concentration (flammability limit) of halon 1301 was approximately a factor of two smaller than that of
HFC-125. It was also noted that 8 s after suppressant discharge, the concentrations in this zone remained
above the flammability limit. This 8 s dwell correlated with the criterion established for successful fire
suppression, which was no occurrence of reignition within 8 s after suppression.'> Based on this testing,
the USAF implemented nacelle fire suppression for the F-22 aircraft using 14 Ib of HFC-125.

The U.S. Army had also conducted an extensive halon alternative test and evaluation effort for the
Comanche aircraft program. That effort was still in progress when the Comanche program was cancelled
by the DoD. Extensive work had been done to replicate the nacelle conditions during flight modes, create
the nacelle fires for those conditions, evaluate the potential hot-surface-reignition threat, and determine
the agent quantity necessary to ensure suppression. Requirements for the system included reserve fire
suppression capability. HFC-125 and, to a lesser extent, inert gas generators were evaluated. Since the
majority of the testing had been conducted using HFC-125, it was selected as the agent for use in system
optimization testing that was to be performed. At the time of program cancellation, no HFC-125 mass
quantity had been established that would suppress fire under all test conditions, and the program had
begun to evaluate trades related to retaining the reserve fire suppression capability, certification metrics
and testing, and “fire-out” success criteria in testing.'*® Currently, the Halon Replacement Program of the
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U.S. Army Program Executive Office, Aviation, is evaluating use of HFC-125 as the halon replacement
on CH-47 Chinook helicopters.

As of the writing of this book, halon alternative testing by the Fire Safety Branch at the FAA Hughes
Technical Center had recently been completed. That testing evaluated HFC-125, CF;I and, more recently,
FK-5-1-12 or dodecafluoro-2-methylpentan-3-one (CF;CF,C(O)CF(CF3),) for nacelle fire suppression
applications in commercial aircraft. Findings to date of notable interest for DoD consideration are
concentrations required to suppress spray and pool fires and an overpressure phenomenon. Contrasting
results from previous testing, higher HFC-125 and CF;l concentrations have been required for
suppression of nacelle spray fires than pool fires. Also, HFC-125 and another halon alternative tested,
bromotrifluoropropene (2-BTP), were observed to produce overpressure phenomena subsequent to
reignition within the test fixture flow path. Initial conclusions were that each suppressant appeared to act
as a fuel in some instances, and that the phenomenon was not 100 % reliable.””” The overpressure
phenomenon had also been observed with HFC-125 and 2-BTP in cargo compartment fire suppression
testing. During simulated aerosol can explosion tests conducted to evaluate explosion suppression
performance for aircraft cargo compartments, tests were conducted to provide 2-BTP volumetric
concentrations of 3 %, 4 %, 5 %, and 6 %. An overpressure occurred in each test — the associated
overpressures were 530 kPa (63 psig), 530 kPa (63 psig), 780 KPa (100 psig), and 7.3 kPa (93 psig),
respectively. 2-BTP enhanced the explosion event with as much as 4 times greater pressures than the
unsuppressed event and 23 times greater than the halon 1301 benchmark concentration (2.5 %). HFC-125
was also observed to enhance the explosion event when its concentration was below 11.0 %. It doubled
the blast pressure pulse peak, and it produced explosion overpressures of 4460 kPa (53 psig) in tests that
provided concentrations of 8.9 % and 11 % by volume. No explosion event was observed when the
concentration of HFC-125 was 13.5 % by volume.”®  Bromotrifluoropropene evaluation was
discontinued in the nacelle fire test program. The FAA minimum performance standard (MPS) for
certifying use of HFC-125, CF;l or, FK-5-1-12 in nacelle fire suppression applications is now being
developed. The reader is referred to the Fire Safety Branch at the FAA Hughes Technical Center to learn
more, particularly in regard to flame attachment behavior observed during testing with CF;I and
FK-5-1-12.7"

Dry Bay Fire Suppression Applications

Both the USAF F-22 and C-130J LFT programs evaluated HFC-125 and gas generator technology for use
in dry bay fire suppression. Both programs evaluated inert and chemically-active gas generators. The
F-22 testing also evaluated a pyrotechnically-augmented liquid agent system (PALAS) that utilized
HFC-227ea. The F-22 testing was specific to the F-22 main landing gear dry bay whereas the C-130J
testing evaluated wing dry bays. Figure 2-66 shows a summary of results from the C-130J testing.
Results from the F-22 testing are summarized in Table 2-15. These test programs provided the first full-
scale comparisons of gas generator fire suppression effectiveness relative to near-term chemical halon
alternatives identified during the TDP (HFC-125, HFC-227ea). Both of these test programs clearly
showed that on a mass basis, less solid propellant was required to suppress a dry bay fire relative to the
chemical alternatives tested, particularly when a chemically-active propellant was used. During the F-22
testing it was found that less than half of the chemically-active propellant was required to effect
suppression as compared to the inert propellant.

X5 hitp://www.fire.te.faa.gov/
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Replica Test Article Production Test Article
# API Shots Weight # API Shots Demonstrated
Selected (lbs) Weight (Ibs)
Wing Leading Edge
HFC-125 28 2.16 5 2.16
* SPGG 10 0.93 4 0.93
Wing Engine Area
HFC—125 17 2.80 2 2.80
SPGG 8 0.93 2 0.93
Wing Trailing Edge
HFC—125 16 — 0 —
SPGG 8 1.38 2 1.86

* Wing Leading Edge SPGG testing included FS01—40 and PAC—3302 agents

Figure 2-66. Summary of HFC-125 and SPGG Fire Suppression Results from
C-130J Live Fire Testing."*

Table 2-15. Minimum Fire Suppressant Quantities from F-22 Main Landing Gear Dry Bay

Where Noted.'

Live Fire Testing, 150-grain Fragment Threat and Jet Fuel Except

Suppressant Delivery 5 ms 5 ms and 105 400 ms 400 ms and 500 ms
(a) System Delay ms Delay Delay 480 ms Delay Delay
HFC-125 Nitrogen 0.68 kg (b) N/A N/A N/A N/A
Pressurized
Bottle
HFC-125 Nitrogen 0.91kg N/A N/A N/A 1.51b
Pressurized
Bottle
HFC-125 Nitrogen N/A N/A N/A N/A L.13 kg (¢
Pressurized
Bottle
HFC-227ea PALAS 1.11kg N/A N/A N/A N/A
Fan
Nozzle
HFC-227ea PALAS 0.89 kg N/A N/A N/A N/A
Radial
Nozzle
FS01-40 Inert SPGG N/A 2x0.52 kg N/A 2x0.21 kg N/A
(1.03 kg) (0.42 kg)
FS01-40 Inert SPGG N/A N/A N/A 2x035kg N/A
(0.70 kg) (¢
PAC-3302 Chemically N/A 2x0.19 kg 0.19 b N/A N/A
Active SPGG (0.38 kg)

(a) A total of 24 tests were conducted using HFC-125, 21 tests were conducted using HFC-227ea, 19 tests were

conducted using inert SPGGs, and 10 tests were conducted using chemically-active SPGGs.
(b) Flammable fluid tested was hydraulic fluid.
(c) Ballistic threat was 23 mm HEI. Only HFC-125 and inert SPGGs were evaluated against this threat.
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Figure 2-67 illustrates the rapidity with which fire suppression is achieved using gas generators for
suppression of ballistically-induced fires within an aircraft dry bay compartment.

HLE-P-HFC-83
25 JAH 95

-

HI-TL 8 +I0-00.5

Figure 2-67. Time Sequence of Dry Bay Compartment Fire Suppression by Inert Gas
Generators, Complete Suppression within 600 ms."**

The inert gas generator technology has been implemented for dry bay fire suppression on the USN
F/A-18E/F and MV-22 and on the USAF CV-22; the chemically-active technology was not mature at the
time that these systems were required to be developed. Figure 2-68 provides an illustration of the system
implementation on the MV-22, without auxiliary wing fuel tanks. On the V-22, this system is referred to
as the wing fire protection system (WFPS). The gas generators provide ballistic dry bay fire protection
for the various wing dry bays and both ballistic and safety fire protection in the mid-wing compartment,
which contains an APU, gearbox, shaft driven compressor, hot air ducting, electrical generators, and other
equipment. Discharge of the generators in the mid-wing compartment is sequenced to preclude
overpressurization of the compartment. During qualification testing of the WFPS for the mid-wing
compartment it was observed that, even though the fires were quickly extinguished, it was noted upon
review of the test videotapes from each of the tests that the fire location shifted position around the
compartment, i.e., the fire would be pushed to different locations within the compartment as each of the
gas generators would discharge until combustion could no longer be sustained.'"'
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Figure 2-68. V-22 Inert Gas Generator Fire Suppression System.'?
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The V-22 WFPS development effort included a requirement for the capability to measure gas
concentration levels within the midwing compartment to demonstrate adequate distribution of the inert
gases within the compartment, though no specific gas concentration levels and duration time were set as
pass-fail criteria. A gas sampling system was assembled using fast-response CO, and oxygen sensors,
and gases were drawn from the compartment through 5 m long, 1 mm inside-diameter Tygon tubing.
Response time of the concentration measurement sensors was on the order of 120 ms for the CO, sensors
and 50 ms for the oxygen sensors. In general, lower CO, was measured at locations closest to airflow
inlets and was greatest at locations near the inert gas generators and where air was drawn out of the
compartment, though peak CO, concentrations between 13 % and 26 % were recorded.'' This
concentration measurement technique was also utilized during the F-22 engine nacelle test series in an
attempt to correlate fire suppression with oxygen and CO, concentrations within the nacelle. Analysis of
the data could not support any correlation.”® Detailed analysis of these measurements suggested that the
instrumentation could have been contaminated by particulates, water vapor, condensed water vapor, or
hydrocarbon vapor. The need to better characterize the mechanisms by which gas generator as well as
other fire suppression technology provides fire suppression in a real-world environment such as an engine
nacelle led to NGP efforts to develop the Transient Application, Recirculating Pool Fire (TARPF), agent
effectiveness screen, which is described in Chapter 6.

Inert gas generators have thus far been proven to be effective though they currently require replacement
every five years. On the V-22 there are 17 generators. Given that similarly sized or even larger aircraft
could require similar or even larger numbers of these devices, if implemented for dry bay fire protection,
the weight and logistics impact (i.e., unit costs, spares provisioning) over the lifetime of an aircraft
becomes magnified. As shown in Figure 2-69, fire suppression testing of newer chemically-active solid
propellant formulations under the NGP has demonstrated at least a 50 % reduction in propellant mass.

Currently Fielded
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Figure 2-69 NGP Testing Results Comparing Solid Propellant Inert Gas Generator
Propellant Mass vs. Chemically Active Gas Generator Propellant Mass.'*
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Aircraft dry bay fire testing conducted by the USN using one of the newer propellant formulations has
demonstrated on-aircraft fire suppression with such reduction in propellant mass.'*'** However,
application of single passive extinguisher (SPEX) concepts has received increased attention. SPEX
concepts focus on system simplification, eliminating the subsystems normally associated with active fire
suppression systems (i.e., no fire detection system, no crew alerting and controls, and no system health
monitoring). These concepts are a recent emergence within the DoD and testing of several concepts has
been sponsored by the Joint Aircraft Survivability Program Office (JASPO). Concepts evaluated to date
have been for dry bay fire suppression,'*’ and one concept using a plastic, heat sensing tube connected to
a low pressure container with monnex dry chemical extinguishant is planned for implementation on the
V-22 for wheel well dry bay fire protection. Initially, chemically-active gas generators were one of
several options being considered for dry bay fire suppression on the USN P-8 MMA,** but SPEX
approaches are also being investigated. Chapter 9 describes the inert gas generator technology and the
technologies and techniques developed under the NGP related to improving their performance.

XXXV

Ullage

Explosion suppression experiments were conducted to determine the ability of the SCS and LFE reactive
ullage protection technologies to suppress ballistically-induced ullage fire/explosion events, with FC-218,
HFC-227ea, HFC-125, and pentane tested using the LFE and just pentane using the SCS. Ballistic threats
tested were single 110-grain fragment, 12.7 mm API, and 23 mm HEI. Detection systems were not
integral to the tests and thus the results do not take into consideration detector-related delays. The tests
were sponsored by the Joint Technical Coordinating Group for Aircraft Survivability (JCTG/AS), now
known as the Joint Aircraft Survivability Program (JASPO), and were conducted by the USN.

SCSs filled with pentane to provide a 47 % concentration (approximately 0.54 mass fraction) suppressed
explosions in a 0.85 m® (30 ft’) volatile ullage simulator when initiated by both a single 110-grain
fragment and a 12.7 mm API. Partial suppression only was realized against the 23 mm HEI. In the same
ullage simulator partial suppression only was realized against the 12.7 mm API in all tests of FC-218,
HFC-227ea, HFC-125, and pentane using the LFE. The greatest concentrations of each were as follows:
FC-218, 38.8 % (0.67 mass fraction); HFC-227¢a, 42 %, (0.67 mass fraction); HFC-125, 52.5 %
(0.64 mass fraction); and pentane, 37.5 % (0.48 mass fraction). Testing of varying amounts of each
suppressant allowed definition of the effect of agent concentration and mass fraction on peak pressure in
the simulator, as shown in Figure 2-70.

Examination of the concentration data revealed that, of the suppressants tested, pentane edged out FC-218
as having the best suppression efficiency, followed by HFC-227ea, and then by HFC-125. Comparison of
peak explosive pressure as a function of suppressant mass fraction revealed that the amount of pentane
required to achieve the suppression level of FC-218, HFC-227ea, and HFC-125 was 70 % of the amount
needed for those three suppressants (i.e., 30 % less pentane was required).

As of the writing of this book, none of the DoD services has pursued additional evaluation of the reactive
suppression technologies using halon alternative suppressants in aircraft fire suppression applications.

¥ This section is based on Reference 33. Summary and Conclusions from that report are presented with minor editing for
presentation within this chapter.
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Forward-Looking Considerations

Major aircraft acquisition programs today include those for unmanned air vehicles (UAV), the USN P-8
MMA program, the USAF-USN-USMC F-35 Joint Strike Fighter (JSF), and the joint USN and U.S.
Army Blackhawk/Seahawk Program. UAVs are being utilized with greater frequency during military
conflicts. A review of potential cost effective survivability enhancements identified that passive fire
suppression for large category UAVs and active fire suppression for Unmanned Combat Aerial Vehicles
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(UCAV) are potential cost-effective survivability enhancements for these aircraft.'*® Dry bay fire

suppression is planned for the JSF. However, it is a single-engine aircraft, which typically is not provided
with nacelle fire suppression. This is because that the typical approach for nacelle fire suppression first
involves isolating the nacelle compartment, meaning the pilot shuts off fuel flow, and that the fuel for a
nacelle fire is likely that provided to the engine to generate propulsion power for flight. Reduction in or
loss of that flow itself can or will lead to loss of thrust and thus lift and flight control. However, given the
lessons learned from the Southeast Asia conflict and that a few extra minutes of flight may reduce
likelihood of pilot fatality or enemy capture, the DoD’s JASPO is currently sponsoring investigation and
testing of automatic nacelle fire suppression concepts as a survivability enhancement, particularly for
single engine aircraft applications.'"’

As long as the DoD components (Army, Navy, and Air Force) operate current and procure new manned
multi-engine aircraft, there will be a requirement for engine nacelle fire suppression. Likewise, for new
aircraft procurements, the Live Fire Test law will drive requirements for prevention and suppression of
ballistically-induced fires. Aircraft fire suppression systems are categorized as mission critical
applications, for which continued use of halon by the DoD has been permitted by law. New production
aircraft are required to implement a non-ODS alternative or have had executed an ODS waiver certifying
that no viable alternative exists for the application presented by that aircraft. While currently-fielded
aircraft would most certainly continue to operate using the fire suppressant (or suppressants) installed
currently, there are potential uncertainties (e.g., global warming, depletion or destruction of halon banks)
that could impact the type of suppressant implemented in fire suppression systems on these aircraft. With
respect to global warming, parties to the Kyoto Protocol, of which the U.S. is currently not a signatory,
have developed amendments to reduce emissions of fielded HFC systems that are to become effective in
2007.14% 1 Ag of the writing of this book, these requirements would not apply to currently-fielded
HFC-based fire suppression systems on DoD aircraft, but DoD environmental activities are likely to
monitor the effect of these requirements and whether it is beneficial for DoD to implement similar
requirements. The commercial aviation sector is more sensitive to such influences, and it is conceivable
that a commercial-derivative aircraft procurement could include a non-halon non-HFC based fire
suppression system.

Regardless of potential external regulatory influences, the aircraft program manager is constantly
managing risks (i.e., weight, performance, cost, safety and survivability, to name a few). As for any
subsystem on an aircraft, there are weight, performance, and cost trades associated with implementing a
fire suppression system, and the program manger desires to implement the lightest weight, best
performing, lowest cost system. He is concerned with ensuring that aircraft key performance parameters
(KPPs) are met. These parameters include weight, performance (range, drag), reliability, and probability
of kill (Pk). When weight and/or cost are considered too high, the program manger will trade risk
associated with various options, including safety and survivability risks. Such trades receive increased
attention and scrutiny when resources (funds) are constrained. For example, if a specific aircraft
maneuver drives a worst-case nacelle airflow condition, which in turn drives high the suppressant

»i The Kyoto Protocol is an agreement made under the United Nations Framework Convention on Climate Change
(UNFCCC). Countries that ratify this protocol commit to reduce their emissions of carbon dioxide and five other
greenhouse gases, or engage in emissions trading if they maintain or increase emissions of these gases. The five other gases
are methane, nitrous oxide, sulfur hexafluoride, hydrofluorocarbons or HFCs, and perfluorocarbons or PFCs. The USAF
CV-22 and F-22, the USMC MV-22, and the USN F/A-18E/F use HFC-125 in their nacelle fire suppression systems. HFC-
125 is also approved for use by DoD, as well as by the FAA, as a halon 1301 simulant for certification testing of halon 1301
nacelle fire suppression systems.
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quantity for a fire suppression system, yet performing such a maneuver is a small exposure over the
projected lifetime of the aircraft, the program manager may accept the safety risk associated with fire
occurrence during that exposure in order to proceed with a lighter weight fire suppression system.
Likewise, from a survivability perspective, the program manager may trade passive protection techniques
against active techniques for dry bay fire protection. He may find that the aircraft vulnerable area
requirement can be met by implementing passive protection techniques at the risk of not protecting
another compartment that requires an active system and yet still meet the aircraft Pk KPP. That the NGP
has developed tools such as CFD modeling for design, development and optimization of nacelle fire
suppression systems and cost modeling for assessing the life cycle cost benefit of providing nacelle and
dry bay fire suppression systems should benefit the program in conducting risk trades. Better performing
enhanced powder panels, chemically-active gas generators, and hybrid fire suppression techniques should
provide the program manager options previously unavailable in making such trades.
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3.1 INTRODUCTION

This chapter describes NGP research agents which work primarily through chemical means. As a prelude
to this, it is useful to delineate the different terminology often used to describe the extinguishing of a
flame. Flame inhibition usually refers to a weakening of a flame, i.e.,, a lowering of the overall
exothermic reaction rate in the flame. This weakening may or may not lead to extinguishment, depending
upon the flow field in which the flame exists. In contrast, the terms fire suppression, flame
extinguishment, or flame extinction are often used to refer to the case in which the flame has been
weakened to the point where it can no longer stabilize in the relevant flow field. Flame quenching refers
to flame extinguishment for which heat losses to a surface was a precipitating factor.

The first three sections of the chapter group the research according to the active moiety in the chemical
agent: halogens, metals, or phosphorus.

e The section on halogens starts with a description of what was known about the flame inhibiting
action of CF;Br prior to NGP research, and follows with research describing some alternative
agents based on fluorine.

e The section on metals also first gives some background, and then provides extensive data on
flame inhibition by iron-containing compounds - primarily because these agents have been shown
to be the strongest flame inhibitors ever found. Detailed results for the effect of iron (and other
agents) on flame radicals are also presented, followed by results for tin and manganese. Since
most of the metals in these previous studies were added as toxic organometallic agents, the next
section describes work to investigate metal moieties in various forms which are non-toxic. Since
it was discovered fairly early in NGP research that metal compounds lose their effectiveness due
to the formation of particles, additional research was aimed at finding other metals which were
effective but did not suffer that same consequence. The remaining parts of that section describe
the potential of other metals to be effective yet not to lose their effectiveness.

o The third section describes extensive research to characterize the potential and effectiveness of
phosphorus-containing compounds. It starts with a description of a new experimental approach in
counterflow diffusion flames which is helpful with aspirated samples of trimethyl phosphate
(TMP) and dimethyl methylphosphonate (DMMP).  Following that is a description of how
varying the agent transport rates into the flame (through changes to the stoichiometric mixture
fraction and the location of agent addition) changes the effectiveness of DMMP. In this section, a
temperature dependence of the effectiveness is also described, which is further explored in the
following section which describes spectroscopic measurements of OH and numerical modeling of
counterflow diffusion flames of methane and air with DMMP added. The numerical model is
further validated in the final subsection, where experiments and calculations are performed for
premixed flat flames of methane and air with added DMMP.

The final section of the present chapter discusses studies aimed at finding unified principles to describe
the fire suppression effectiveness of alternative chemical moieties:
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o Comparison of spectroscopically measured reductions in the concentration of the chain-carrying
radical OH and in peak temperature in opposed flow, atmospheric pressure, propane/air flames
brought to near-extinction conditions through addition of several agents (CF;Br, N,, Fe(CO)s,
C3F7H, C3F6H2, DMMP, and PN (CyClO—P3N3F6).

e Description of additional spectroscopic tests to delineate the reduction in [OH] with addition of
Fe(CO)s (and, for comparison, CF;Br) to low-pressure methane-air flames.

e Discussion of the merits of using CF;Br as a benchmark for comparison of other fire
suppressants.

e A discourse on the use of inhibitor molecule bond energies as a criterion by which the flame
inhibition efficiency can be predicted and understood.

e [Examination of the regions of a premixed flame which are most susceptible to chemical
inhibition.

The NGP research described here has moved the science of flame inhibition and suppression chemistry
forward in very large measure. Entirely new, detailed, comprehensive chemical kinetic mechanisms were
developed specifically for the NGP, and the use of these kinetic mechanisms in detailed numerical
simulations for the present investigations has led to great insight into the action of chemically acting
agents in fire suppression. New experimental techniques were developed, as well as new methods of
using existing approaches. In fact, much of the present work has been cited in fields external to fire
research due to their utility beyond the present needs. The work presented below will provide an
outstanding basis for those future researchers who will continue the search for new fire-fighting materials.
The new unified insights on fire suppression developed through NGP research are summarized at the end
of this chapter.

3.2 HALOGEN-CONTAINING COMPOUNDS

3.21 Previous Understanding of the Inhibition Mechanism of CF;Br (as of 1995)

In previous studies, CF;Br (and related compounds) have been the subject of much fundamental research,
for example in flow reactors,'” premixed flames,>"' co-flow diffusion flames,'>'* and counterflow
diffusion flames.”">® Much recent research has been aimed at finding both short- and long-term”
replacements for CFsBr. As a result, CF;Br itself has been the continuing subject of many studies®**’
since an improved understanding of its mechanism of inhibition will help in the search for alternatives,
and nearly all assessments of new agents use CF;Br as a baseline for comparison of the new agents.

21,22

As outlined above, the flame configurations used to study flame inhibition mechanisms have tended to be
premixed and counterflow diffusion flames. Premixed flames have been selected mainly because the
overall reaction rate, heat release, and heat and mass transport in these flames can be described with a
single fundamental parameter - the laminar burning velocity, and because over certain regions, the flow
field can be considered one-dimensional (greatly simplifying data collection and numerical simulation).
Similarly, counterflow diffusion flames can be considered one-dimensional along the centerline, and the
extinction strain rate has been commonly used as the characteristic suppression parameter. In principle,
such fundamental parameters can ultimately be used to relate the behavior of the agent in the laboratory
flame to its behavior in suppressing a large-scale fire*, although this scaling is difficult in practice.
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Premixed Systems

Early studies of the inhibitory effects of halogenated hydrocarbons on flames were conducted in premixed
systems. Numerous research groups'>*>' determined the influence of halogenated methanes on the
flammability limits of hydrocarbon-air mixtures. The magnitude of the inhibitory effect and its
dependence on halogen type and stoichiometry generally indicated a chemical rather than thermal
mechanism. Simmons and Wolfhard'® studied the flammability limits of methane-air mixtures with
bromine and methyl bromide inhibitors and showed that methyl bromide influenced the limits of
flammability in the same manner as equivalent amounts of bromine and methane, indicating that the
decomposition products of the halogenated methanes were responsible for the action. Garner et al.,”
Rosser et al.,” Lask and Wagner™* and Edmondson and Heap®® measured the reduction in burning velocity
of various burner — stabilized hydrocarbon-air flames with addition of several halogenated methanes,
halogen acids and halogen dimers. In later work, Niioka et al.*® experimentally investigated the effect of
CF;Br on the extinction velocity of opposed premixed C,H,4 flames. The inhibitory effect was found to be
more effective in rich flames than in lean flames. Mitani’’ used experimental results on the decrease of
flame propagation speeds of premixed H,-O,-N, and C,H4-O,-N, flames with CF;Br addition to derive
overall activation energies for the inhibition reactions, which correlated well with measured energies for
key inhibition steps. All studies were in consensus that the magnitude of the inhibition was related to the
number and type of halogen atoms present in the reactants, the concentration of the inhibitor, and the
equivalence ratio, ¢, and that the effect was generally too large to be accounted for by thermal dilution
effects. This conclusion was based on supporting calculations or measurements showing that the final
temperatures in the inhibited flames were not low enough to account for the burning velocity reductions
observed.

Detailed information on the inhibition mechanism of brominated species has been provided by flame
structure measurements. Mass spectrometric measurements of stable species concentrations in premixed
flames of methane and air were conducted by several investigators: Levy et al.*® used HBr to inhibit a
Bunsen flame and found that HBr inhibited methane consumption but not CO oxidation; Wilson* and
Wilson et al.* performed low-pressure inhibited premixed flame studies with methyl bromide, HCI, HBr,
Cl,, and concluded that both CH;Br and HBr act to reduce radical concentrations in the preheat region of
the flame by competing with the chain branching reaction H + O, = OH + O, and that CH;Br lowers the
peak OH concentration to near equilibrium values, while uninhibited flames have the characteristic
super-equilibrium OH concentrations. Biordi et al.>* used a molecular-beam mass spectrometer to obtain
stable and radical species concentrations as a function of position in low-pressure premixed flat flames of
methane and air with and without addition of CF;Br, and Safieh et al.” performed similar experiments
with a low-pressure CO-H,-O,-Ar flame. The data and analyses of these researchers provided detailed
kinetic information on the mechanisms of Br and CF; inhibition under low-pressure premixed,
burner-stabilized conditions. Day et al.*' and Dixon-Lewis and Simpson** studied the burning velocities
and the rich flammability limits of H,-O,-N, and H,-O,-N,O flames. Their experiments and numerical
modeling showed that the thermodynamic equilibrium relationship for the reaction H + HBr = H, + Br
together with recombination steps involving bromine atoms are primarily responsible for the inhibition
effect of HBr compared to HCl and HF, rather than competition of the H atom-hydrogen halide reaction
with the branching reaction H + O, = OH + O. Westbrook™* developed a detailed chemical kinetic
mechanism for HBr, CH;Br, and CF;Br inhibition and performed numerical calculations of flame
structure, testing the mechanism using experimental burning velocity reductions and, to some extent,
using measured species concentration profiles.
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Diffusion Flames

Early investigations of the effects of chemical inhibitors on diffusion flames used the co-flow
configuration. Creitz** determined the blow-off limits with CH;Br and CF;Br added to either the fuel or
oxidizer stream for various oxygen volume fractions, and found that oxygen volume fractions
approaching 0.30 required over 20 % CF;Br in the oxidizer for flame detachment. Simmons and
Wolfhard'? found the blow-off limits for CH;Br addition to the fuel and air streams for alkane and
hydrogen flames, and showed that blow-off required different amounts of inhibitor for different burner
geometries. Their measurements, as well as more recent ones with CF;Br,** have shown that lower gas
velocities require greater amounts of inhibitor. Simmons and Wolfhard'? also performed accompanying
spectroscopic measurements in a slot-burner with CH;Br added to the air stream and found enhanced C,
formation as well as a secondary reaction zone (observed via Bro emission) on the air side with either
CH;Br or ethane and bromine added to the air stream.

The above jet diffusion flame studies have all shown that a higher volume fraction of the brominated
agent was required when it was added to the fuel stream rather than the air stream. Friedman and Levy'
were the first to use the extinction of counterflow diffusion flames to assess the inhibitory effect of CF;Br
and CH;Br added to the methane stream. Milne et al.'® added CF;Br to either the fuel or air stream of
several hydrocarbon-air flames, again showing that addition to the air stream extinguished the flames at
lower volume fraction than addition to the fuel stream. Ibiricu and Gaydon'’ made spectroscopic
measurements with addition of CH;Br and other inhibitors to flames of various fuels. They found OH
emission to be decreased, while C, and HCO emission were increased. Niioka et al.’ correlated the
extinction conditions of counterflow diffusion flames of ethylene inhibited by CF;Br in the air or fuel
stream with the estimated mass flux of inhibitor to the reaction zone.

The first measurements of inhibited counterflow flames with liquid fuels were made by Kent and
Williams'™*® for CF;Br in the oxidizer stream against a heptane pool. These were followed by extensive
measurements for the same agent with numerous condensed-phase fuels by Seshadri and Williams.*
Among other results and analyses, these investigations characterized the extinction flow velocity as a
function of the oxygen mass fraction in the oxidizer stream, found the extinction flow with added
inhibitor, and measured stable species mass fractions with gas chromatography. The amount of inhibitor
required for flame extinction was found to increase with decreasing air flow velocity (i.e. strain) and the
results were highly fuel dependent. In later work, Seshadri and co-workers * determined the extinction
strain rate for a large number of fluorinated agents in a similar counterflow heptane-air pool burner.

Some of the above diffusion flame studies also show increased soot production with addition of
halogenated inhibitors. The laser-induced incandescence and fluorescence measurements of Smyth and
Everest’' have quantified both the increased soot and decreased peak OH in such flames, although the
mechanism of higher soot formation for CF;Br was not resolved.

Mechanism of Inhibition

The basic mechanism of halogen flame inhibition was suggested by Rosser et al.** and further justified
and refined by Butlin and Simmons,’' Dixon-Lewis and co-workers,*'** Westbrook,*'*** and Babushok
and co-workers.”* The reaction mechanism is:

Hoa+X > HX +«a
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B +HX—> HB+X

in which X is a halogen, « is a hydrocarbon, and [ is a reactive radical such as H, O, or OH. The
hydrogen atom is typically affected most by the catalytic radical recombination cycles above, and its
decrease leads to a lowering of the chain-branching reaction H + O, — OH + O and the CO consumption
reaction CO + OH — CO, + H. It was demonstrated fairly early*' that for Br and Cl, the equilibrium
condition of the first reaction was key, as was the necessity of the regeneration steps (in the form of the
second reaction or some alternatives).

As described above, there has been fairly extensive past research on CF;Br itself, as well as some simple
small hydrofluorocarbon (HFC) short-term replacements. These include phenomenological tests with cup
burners as well as fundamental studies. Nonetheless, tests with larger HFCs appear less frequently in the
literature, with very little fundamental data from diffusion flames. The following work remedies that
deficiency.

3.22 Suppression of Nonpremixed Flames by Fluorinated Ethanes and Propanes

Introduction

The need for environmentally acceptable substitutes for bromine-containing halons (halogenated
hydrocarbons) has led to a number of studies on alternative fire suppression agents encompassing a
variety of experimental geometries and scales,”'”* as well as to the development of chemical kinetic
models for these agents.”*® Models are instrumental in guiding the search for effective halon
replacements in that they facilitate the identification of mechanisms key to suppression. Such models
must be validated using experimental data. Data sets that can directly be compared to numerical results
are therefore particularly valuable. For models of suppression in particular, the usefulness of
experimental and numerical studies depends on how well they capture the characteristics of real fire
scenarios. Most experimental studies on hydrofluorocarbons (HFCs), used as near-term halon
replacements, have focused on inhibited premixed flames, usually with methane fuel, measuring
parameters such as flame speed’™® or profiles of intermediate species.’*®" However, most fire-fighting
scenarios involve higher hydrocarbon fuels, non-premixed flames, and aim to achieve extinction rather
than inhibition. In order to extend laboratory results to more realistic situations, a broad range of data sets
is needed to provide adequate model validation for suppression by both HFCs and other classes of
alternative agents now being identified.

Research by Williams and co-workers®> focused on the suppression effectiveness of HFCs in
extinguishing non-premixed flames. Although less effective fire suppressants than brominated halons,
these agents are currently used as near-term replacements. They possess many of the same favorable
physical properties as brominated halons, but do not destroy the stratospheric ozone layer.”'° Previously,
the Naval Research Laboratory (NRL) investigated non-premixed counterflow methane/air and
propane/air flames suppressed by CF,, CHFs;, and CF;Br.” The NGP extended the methane/air and
propane/air extinction studies to include all fluorinated ethanes containing at least four fluorine atoms,
and ten fluorinated propanes containing at least five fluorine atoms. The fluorinated ethane and
fluorinated propane data sets were generated to provide additional input to validate chemical kinetic
models such as those developed recently for HFCs.”** *° Also tested were sulfur hexafluoride (SFs,
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largely inert'), nitrogen, three bromine-containing halons, and one iodine-containing halon.
compounds investigated are listed in Table 3-1.

Table 3-1. Agents Tested.

All

Cp300 K H1600 K_H300 K

Agent Chemical Formula (J/mol.K)* (kJ/mol)” Flames®
HFC-134 CHF,CHF, 90.9 183051 M,P.H
HFC-134a CF;CH,F 87.2 186" M,P,H
HFC-125 CF;CHF, 95.9 19551 M,P,.H
FC-116 CF5CF; 107.7 206" M,P,.H
HFC-245ca CHF,CF,CH,F 123.7 244° M,P
HFC-245¢cb CF;CF,CH, 123.0 242° M,P
HFC-245¢b CF;CHFCH,F 123.0° 242° M
HFC-245fa CF;CH,CHF, 122,05 2415 M
HFC-236¢b CF;CF,CH,F 130.0° 256° M,P.H
HFC-236ea CF;CHFCHF, 129.8 256° M,P,H,A
HFC-236fa CF;CH,CF, 128.1 253° M,P,H,A
HFC-227ca CF;CF,CHF, 140.0° 276° M,P.H
HFC-227ea CF;CHFCF; 139.8 27508 M,P,H,A
FC-218 CF;CF,CF; 150.6 289° M,P.H
Halon 1301 CF3Br 70.5 1258 P.HA
Halon 13001 CF;l 61.35¢ 1265 P.H
Halon 1211 CF,CIBr 74.6° 133059 P.H
Halon 1201 CHF,Br 58.7 1205 P.H
Sulfur Hexafluoride SF 97.486 18586 M,P.H
Tetrafluoromethane CF, 61.2 12213 H,A
Nitrogen N, 29.15¢ 4203¢] M,P,H,A

* Specific heat at 300 K. The numerical superscripts in square brackets indicate reference numbers. If no superscript is present,

the value is from Reference 64.
Sensible enthalpy required to raise the agent’s temperature from 300 K to 1600 K. The sources for the data used to derive the

b

sensible enthalpy values are indicated by the numerical superscripts in square brackets.

¢ Estimated.

(=%

methanol cup burner.

From Reference 65, evaluated at 298 K.
Flames in which given agent was tested: M, methane counterflow; P, propane counterflow; H, n-heptane cup burner; A,

An experimental geometry that captures many characteristics of pool fire threats is that of the cup burner,
which is described more fully in Chapter 6. Bench-scale co-flow burners operated with a liquid fuel, cup

burners are widely used for estimating agent concentrations required to combat fires.

Hamins et al. *°

compared a number of HFC agents in cup burner tests using five different fuels: n-heptane, two types of
jet fuel, and two types of hydraulic fluid. For nearly all agents tested, the concentrations required to
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extinguish the n-heptane flame exceeded those required for the other fuels by less than 10 %. Thus,
n-heptane cup burner studies provide extinction data applicable to many hydrocarbon flames.

For validation of kinetic models, treating detailed chemical mechanisms in the two-dimensional model
required to describe cup burner flames is computationally difficult. An alternative to cup burners for
suppression mechanism studies is provided by non-premixed counterflow flames. This configuration is
computationally tractable since it can be modeled quasi-one-dimensionally, along the axis of symmetry of
the flame, by invoking a similarity transform.”” Experimentally, it is also advantageous in that it allows
control of the strain rate imposed on the flame. In this paper, the strain rate in a counterflow burner is
defined as the maximum axial gradient in axial velocity on the oxidizer side of the flame zone. The strain
rate is easily adjusted by changing the gas flows. The effects of suppression agents can then be quantified
over a range of flame conditions by measuring the extinction strain rate as a function of agent
concentration. Hamins et al.”® and Saso et al.®® found that HFC extinction concentrations for low strain
rate n-heptane counterflow flames were similar to those obtained in n-heptane cup burners. Since the cup
burner configuration is relevant to many fire scenarios, the results of Hamins et a/l. and Saso ef al. suggest
that agent extinction concentrations in low strain rate non-premixed counterflow flames are pertinent to
these same scenarios.

The choice of a model fuel compound for suppression studies involves a trade-off between representative
extinction properties and computational tractability. Gaseous fuels including methane, ethane, and
propane are attractive to use from both experimental and modeling standpoints, but their relevance to fires
involving long chain hydrocarbons needs to be determined. Furthermore, no model fuel is representative
of all fire threats. Indeed, alcohol fires, methanol fires in particular, are very difficult to extinguish, even
with CF3Br.* The extinction behavior of methane/air counterflow, propane/air counterflow, n-heptane
cup burner and methanol cup burner flames are compared in this study to identify systematic trends in the
suppression effectiveness of selected agents as a function of the fuel used. In addition to providing
experimental data for HFC model validation, another objective of the current investigation is to assess
whether methane or propane counterflow burner extinction studies are appropriate models for HFC
suppression of liquid hydrocarbon fires.

Tanoff et al. ™ recently computed the extinction strain rate of methane/air counterflow flames suppressed
by several C; and C, HFCs. One of their major conclusions was that most HFCs investigated, with the
exception of CHF;, would be better suppressants in methane flames if they were chemically inert. Also,
agents predicted to form CF,O in the counterflow flame, principally from CF; radicals, were found to be
better suppressants than those that do not. The chemical contribution to suppression of the CF; group was
reported by Sheinson et al.,” who attributed 25 % of CF;Br’s suppression ability to this moiety. The
present study further investigates the impact of CF; groups in an agent on suppression by comparing the
performance of four sets of HFC isomers.

In counterflow burners, flows at extinction are apparatus dependent. Comparisons between results
obtained from different experimental and numerical counterflow flame studies must therefore be made
through extinction strain rates. While flows are easily determined, velocity profile measurements are
required to determine local extinction strain rates. Here, a burner-specific relationship between local
strain rate and flow conditions was obtained. All strain rates quoted herein are therefore traceable to an
experimental determination of the local velocity field.
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Experiment

The counterflow burner and experimental methodology have been described previously.”* The burner
consisted of two vertically-mounted open straight tubes, approximately 50 cm long, having an inner
diameter of 1 cm. The tube exits were spaced 10.0 mm + 0.5 mm apart. The gap size was determined by
translating the burner assembly with respect to a laser beam perpendicular to the tube axis, and measuring
the height at which the beam was blocked by the tubes. The top tube was equipped with a cooling jacket
to prevent the hot combustion products from preheating the upper reactant stream. The tubes were
housed in a Plexiglas chamber, which was continuously purged with nitrogen to dilute combustion
products and unburned reactants before they entered the exhaust.

For experiments with methane, the fuel was introduced through the top tube while air/agent mixtures were
introduced through the bottom. For experiments with propane, air/agent mixtures were delivered from the
top, fuel from the bottom. These configurations were used because they produced the most stable flames
at low strain rates. For propane, inverting the reactant streams did not significantly affect the extinction
strain rate of the uninhibited flame. Flows of all gases were regulated by mass flow controllers (Sierra
Instruments), which were calibrated using a piston flowmeter (DC-2, Bios International). All flow
conditions were laminar, with tube Reynolds numbers never exceeding 2100.

During extinction measurements, the flows of fuel and air were set to obtain a flame midway between the
tubes. The agent flow was then slowly increased at intervals of 30 s to 45 s, with periodic adjustments of
the fuel and air flows to maintain the flame’s position, until the flame extinguished. The flame’s position
was determined by monitoring its image on a video screen. The stagnation plane was always slightly
toward the fuel tube from the flame zone. In experiments with methane, the flame typically extinguished
completely. For propane, local extinction typically occurred along the centerline, leaving a ring-shaped
flame with a hole along the burner axis, similar to that described by Potter and Butler.”' In all tests, the
agent was added to the air stream. This mode of application most closely resembled actual situations, in
which an agent is introduced into the air around the fire, with the fuel burning in a non-premixed flame.

The cup burner apparatus and methodology have been described in detail elsewhere.”> The design was
virtually identical to that of Hamins et al.”® The piston flow meter was used to measure the agent and air
flows after each extinction measurement. The total flow of air + agent was 20 L/min + 1 L/min for all
extinction measurements, giving a flow velocity, averaged over the 105 mm inner diameter chimney, of
4.1 cm/s £ 0.2 cm/s past the 28 mm outer diameter cup. Experiments were conducted on both n-heptane
and methanol flames. The fuel level was kept within 0.5 mm of the top of the cup without overflowing,
as low liquid levels led to attachment of the flame to the heated rim of the Pyrex cup, resulting in
anomalously high extinction values.

The agents listed in Table 3-1 were obtained from the following suppliers: HFC-245¢eb and halon 13001,
Flura; HFC-245fa, AlliedSignal; HFC-236ea and HFC-236fa, Dupont; HFC-227ea and halon 1201, Great
Lakes; FC-218, Scott Specialty Gases; halon 1301 and CF,, Matheson. The nitrogen was obtained from
the Naval Research Laboratory’s in-house supply. The remaining agents were from PCR. The stated
purity of the agents was at least 97 %. All agents were used as supplied, with the exception of HFC-
245ca, HFC-245eb and HFC-245fa. These pentafluoropropanes have boiling points close to room
temperature: 25 °C, 23 °C, and 15 °C, respectively. They were therefore premixed with air in a 1:3 ratio
before being tested. The pressure increase ensured that stable flows of these agents were delivered to the
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burners. Extinction data was also collected with HFC-245fa unmixed with air. These data were
consistent with those obtained using the agent/air mixture.

All of the agents in Table 3-1 were tested in the propane counterflow flame with the exception of HFC-
245eb, HFC-245fa, and CF,4. All of the agents were tested in the methane counterflow flame with the
exception of halon 1301, halon 13001, halon 1211, halon 1201, and CF4. All of the agents with the
exception of the pentafluoropropanes were tested with n-heptane in the cup burner. HFC-236ea,
HFC-236fa, HFC-227ea, halon 1301, CF,, and nitrogen were tested with methanol in the cup burner.

Extinction Strain Rate Determination

Many researchers performing studies in counterflow burners have characterized extinction conditions in
terms of global or imposed parameters, such as flow rates and gap size,”* or global strain rates calculated
from these parameters.’®” These global parameters representing the imposed flow conditions can be
compared to the same parameters obtained from numerical calculations of extinction conditions.”
Because the local flow field near the flame determines extinction, the comparison of global parameters is
valid only as long as the relationship between the local strain rate and the global conditions are the same
for the experiment and the calculations. Recent measurements®””> have cast doubts on the adequacy of
representing counterflow experimental boundary conditions by either plug or potential flow in numerical
calculations. Comparisons of measured and numerical local strain rates in the vicinity of the flame should
show less sensitivity to boundary conditions than comparisons of measured and numerical global strain
rates.

The most direct approach in determining strain rate is to measure the local velocity fields. As velocities
cannot be measured at extinction, determination of local extinction strain rate involves a series of velocity
measurements in increasingly strained flames, and extrapolation to extinction.”” This sequence of
measurements must be repeated for each fuel/oxidizer/additive system and each additive loading,
requiring large numbers of velocity profile measurements.

In the present study, air stream local strain rates were determined by measuring the centerline axial
velocity as a function of axial position by an LDV system (QSP Digital). The oxidizer stream was seeded
with 0.3 um alumina particles (Buehler). The velocity profile on the oxidizer side of the flame was fit to
a 6™ order polynomial, and the relevant local strain rate was taken to be the maximum value of the
derivative of this function. Velocity profiles were measured for propane/air, methane/air, methane/(air +
HFC-227¢a), and propane/(air + SF¢) flames.

Based on these measurements, an empirical, burner-specific relationship to convert global parameters into
local strain rates was determined. Figure 3-1 shows the data used in obtaining this correlation. Measured
local strain rate is plotted versus the plug flow global strain rate parameter derived by Seshadri and
Williams’®, and restated by Chelliah et al. ¢ in Equation 3-1.
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where L is the gap size (1 cm), and p;, and V¢, are the densities and velocities of the fuel and oxidizer
streams, respectively. V is as the average velocity across the tube exit. Measured local strain rates for all
flame conditions, including those with suppressants present, were proportional to Kyjgpa, piue from Equation
3-1,

Klocal = (1 ST+ 002) Kglobal,plug D (3_2)

where the velocities used in the global expression are averages based on measured volumetric flows. The
local extinction strain rates discussed in the present study were obtained using Equations 3-1 and 3-2.

Seshadri and Williams' plug flow global strain rate expression is for the axial gradient in axial velocity at
the stagnation plane calculated for inviscid non-reacting flow, with plug flow boundary conditions
imposed at the burner exits. The current apparatus, with straight burner tubes, has velocity boundary
conditions significantly different from plug flow. Measurements near the tube exits indicated a nearly
parabolic profile for an individual tube in isolation, with some flattening of the profile when the opposing
flow from the second tube was introduced. The centerline velocity of a parabolic profile in tube flow was
twice the average velocity determined from the volumetric flow and the cross-sectional area. At a given
flow, the tube exit centerline velocities in the current apparatus were therefore expected to be between
once and twice the plug flow values. Hence, the coefficient relating Kjoca and Kgiopar,piug Was predicted to
lie between 1 and 2. The factor of 1.57 obtained was consistent with this prediction. Pellett et al. /" also
determined that local and global strain rates were linearly related in their opposed-tube burners: local
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strain rates were found to be 3 times larger than their global counterparts. Pellett et al. used burners with
a ratio of gap size to tube diameter equal to 2. For the burner considered here, this ratio was equal to 1.

Non-Premixed Counterflow Flame Experiments

Figure 3-2 and Figure 3-3 show how local extinction strain rate varied with agent molar concentration for
methane and propane non-premixed counterflow flames, respectively. Figure 3-2a and Figure 3-3a show
the suppression effects of the fluorinated ethanes, SFs and N,. The N, extinction concentrations have
been divided by two for presentation in the figures. Figure 3-2b and Figure 3-3b show results for the
fluorinated propanes. Figure 3-3c shows the effects of halon 1301, halon 13001, halon 1211 and halon
1201 on the extinction strain rate of a propane flame. The error bars shown in Figure 3-2a and Figure
3-3a for the HFC-134 data are at the 99.7 % (30) confidence level. Horizontal error bars represent
uncertainties in air and agent flows. Vertical error bars represent uncertainties in air, agent and fuel
flows, gap size, room temperature and pressure, and the constant of proportionality between local and
global strain rates (Equation 3-2). At comparable concentrations or extinction strain rates, uncertainties in
the data for the other agents are similar to those shown for HFC-134. The N, extinction concentration
uncertainties are similar to those for HFC-134 at comparable loadings. They increase to = 1.7 mole % at
the highest concentrations.
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Figure 3-2. Extinction Strain Rate vs. Agent Molar Concentration for Non-premixed
Methane-air Flames Suppressed by: a) Fluorinated Ethanes, SFs, and N,; and
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Extinction of Uninhibited Methane and Propane Flames

The average uninhibited non-premixed counterflow methane/air and propane/air flame local extinction

strain rates were compared to values found in the literature. Pellett et a

1.7 used two different opposed-

nozzle burners to obtain extinction strain rates of 384 s and 396 s™ for methane/air flames. Furthermore,
Chelliah et al.*” measured the local extinction strain rate of their non-premixed counterflow methane/air
flame to be 380 s”. Yang and Kennedy’® measured theirs to be 340 s'. Both of these values were
obtained for flames having strain rates below that required for extinction. They correspond to lower
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bounds for the values that would be calculated from an extrapolation to extinction, and are consistent with
the results of the present study. Yang and Kennedy indicated that the strain rate they report is
approximately 10 % lower than that which would be obtained through extrapolation; and that the
uncertainty in their critical strain rate is approximately +10 % and -5 %.

Global extinction strain rates for uninhibited counterflow non-premixed methane/air and propane/air
flames have also been reported. MacDonald et al.” reported a global extinction strain rate of 296 s for
methane. The corresponding global value obtained in the present study was 273 s'. Since the
experimental geometries in both studies are similar, the values are expected to be comparable.
MacDonald et al. indicate that variations of up to 80 s were observed in their uninhibited global
extinction strain rates, due to variations in their air’s oxygen content. The global methane extinction
number collected in the present study is thus consistent with theirs. Puri and Seshadri® report global
extinction values, but for a different experimental geometry. The results cannot be directly compared.

Agent Suppression Effectiveness

Figure 3-2 and Figure 3-3 show that, in general, the extinction strain rate of both methane and propane
flames decreased as agent loading increases. Thus, the agents inhibited the flames. For HFC-245ca,
however, the extinction strain rates at concentrations below 2 % are higher than those for the uninhibited
flames. At these loadings, this agent increased flame strength. Nevertheless, above 2 %, extinction
occurred at strain rates below the uninhibited values, and extinction strain rates decreased with increases
in concentration: in larger quantities, HFC-245ca acted like a suppressant. The extinction data presented
in Figure 3-2 and Figure 3-3 are limited to strain rates above 70 s™. Below this value, considerable scatter
was observed and, for several agents, extinction concentrations began to decrease with diminishing strain
rate. At low strain rates, the flames became more susceptible to both conductive and radiative heat losses
to the burner, and to fluctuations in the flow currents present in the surrounding chamber gases.

A secondary flame zone about 1 mm on the air side of the principal non-premixed flame was observed in
tests with HFC-245ca, particularly at high loadings. Hamins et al.”* also found separate agent and fuel
consumption zones in their numerical investigation of the structure of halon 1301 inhibited n-heptane/air
non-premixed counterflow flames. In the current study, the secondary flame zone appeared to be caused
by the agent burning in the air in a premixed fashion. Yang et al.*' predicted this phenomenon for CH;Cl
addition to the oxidizer stream of a methane/air counterflow flame. Although HFC-245ca is non-
flammable at ambient temperature and pressure, heat release from the non-premixed flame was apparently
sufficient to support its premixed combustion. Grosshandler et al.** investigated the flammability of
HFC-245ca, and concluded that a stoichiometric mixture of HFC-245ca and air could sustain combustion
if preheated 100 K above ambient temperature. A secondary flame zone was also observed in tests with a
more effective suppressant, HFC-245cb, but was less pronounced than in the HFC-245ca case.

The relative suppression effectiveness of the fluorinated propanes can be assessed from Figure 3-2b and
Figure 3-3b. The most effective fluorinated propanes were FC-218, HFC-227ea, and HFC-236fa, all of
which contain two CF; groups. HFC-227ca, HFC-236ea, HFC-236¢cb, and HFC-245c¢cb, along with
HFC-245fa and HFC-245eb in the methane case, were less effective and contain one CF; group.
HFC-245ca has no CF; groups and was clearly less effective than the other fluorinated propanes tested.
The extinction strain rate curves clustered together in terms of the number of CF; groups present in the
agent.
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Among agents with the same number of CF; groups, compounds with higher fluorine to hydrogen atom
(F:H) ratios were slightly more effective agents, particularly at low concentrations: FC-218 was slightly
more effective than HFC-227ea and HFC-236fa; and HFC-227ca, HFC-236ea and HFC-236¢b were more
effective than the pentafluoropropanes. At higher concentrations, agent suppression effectiveness was not
as affected by the F:H ratio. The impact on suppression of substituting an F atom for an H atom in the
agent molecule is both chemical and physical in nature. F atoms can scavenge H atoms in flames to form
HF, reducing the number of H’s that participate in flame propagation reactions.”’ Furthermore, as shown
in Table 3-1, substituting one F for one H in a fluorinated propane led to a 5 % to 8 % increase in its
specific heat at 300 K, enhancing the molecule’s sensible enthalpy. Higher F:H ratios were therefore
expected to increase the physical suppression effectiveness of fluorinated propanes. However, as the data
show, the effect of substituting one H for an F was minor compared to that of arranging the fluorine atoms
to provide a CF; group: HFC-236fa was more effective than HFC-227ca, which has one more fluorine
atom but one less CF;5 group.

The impact of CF; groups on suppression is further illustrated by the fluorinated ethane results shown in
Figure 3-2a and Figure 3-3a. FC-116, which has two CF; groups, was more effective than HFC-125 and
HFC-134a, which only have one. HFC-134, which contains no CF; groups, was the least effective of the
fluorinated ethanes for most flame conditions. The presence of additional fluorine atoms in FC-116 and
HFC-125 could explain their enhanced effectiveness relative to HFC-134a and HFC-134. However, the
tetrafluoroethanes have the same number of fluorine atoms. At strain rates above 100 s, HFC-134a was
more effective than HFC-134, which correlates with the presence of a CF; group in the former. At lower
strain rates, the extinction concentrations of these two agents were comparable.

The presence or absence of a CF; group also influenced the suppression effectiveness of the halons shown
in Figure 3-3c. This figure shows that halon 1201 (CHF,Br) was less effective than both halon 1301
(CF;Br) and halon 13001 (CF;l), particularly at higher loadings; and halon 1211 (CF,CIBr) was slightly
less effective than halon 1301. Sheinson et al."” investigated the chemical suppression effectiveness of
the CF5;Y and SFsY (Y =F, Cl, Br, I) series in an n-heptane cup burner. They concluded that, for CF;Cl,
the CF; moiety made a greater chemical contribution to suppression than the Cl atom. This conclusion is
consistent with the greater effectiveness of halon 1301 relative to halon 1211 observed here.

Fluorinated Ethanes vs. Fluorinated Propanes

The effectiveness of the fluorinated ethanes relative to that of the fluorinated propanes can be assessed by
comparing Figure 3-2a to Figure 3-2b, and Figure 3-3a to Figure 3-3b. At strain rates below 100 s,
fluorinated ethanes extinguished methane flames at concentrations between 5 % and 10 %. Loadings
between 4 % and 8 % were required for the fluorinated propanes. In the case of propane flames, below
100 s, extinction concentrations for the fluorinated ethanes ranged from 6 % to 10 %. For the
fluorinated propanes, they ranged from 4 % to 8 %. The steeper extinction strain rate curves for the
fluorinated propanes indicate that, as a group, they were more effective agents on a molar basis than the
fluorinated ethanes. Table 3-1 shows that the specific heats at 300 K of the fluorinated propanes range
from 122.0 to 150.6 J-mol™'-K"', as opposed to 87.2 to 107.7 J-mol'-K™' for the fluorinated ethanes. The
greater effectiveness of the fluorinated propane agents is consistent with their greater sensible enthalpy
relative to the fluorinated ethanes.
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Methane Flames vs. Propane Flames

Figure 3-2 and Figure 3-3 can also be compared to assess the differences between suppression of methane
and propane non-premixed counterflow flames. The uninhibited propane flame was more difficult to
extinguish, requiring an average strain rate of 583 s vs. 415 s™ for methane. However, the extinction
strain rates of flames fueled with propane decreased more rapidly with increases in suppressant loading
such that, at strain rates below 100 s, methane and propane flames were extinguished by similar
fluorinated agent loadings. If the extinction strain rates are normalized by the corresponding uninhibited
strain rates and compared, the sensitivity of both methane and propane flames to agent addition is found
to be similar. The propane flames were slightly more sensitive to the suppressants. Figure 3-2 and show
that extinction strain rate curve shapes are different for the two fuels.

Numerical Investigation of Tetrafluoroethane Isomer Effectiveness

The kinetic model developed at NIST® for fluorinated hydrocarbons has been used to numerically
investigate the effects of halogenated compounds on C1 and C2 organic flames. ******"° With this model,
Tanoff et al.”” predicted extinction strain rates for methane/air counterflow flames suppressed by CF.,
CHF;, CF;CF; (FC-116), CF;CHF, (HFC-125), and CF;CH,F (HFC-134a). The NIST model was also
used by Linteris et al.”’, who reported both experimental and computational flame speeds for methane/air
mixtures containing FC-116, HFC-125, and HFC-134a. Reaction pathway analyses of agent
decomposition showed that CF,O was an important intermediate for FC-116, which initially decomposes
to form two CF; radicals. The numerical calculations predicted that as the hydrogen content of the
fluorinated ethane increased, less CF,0 was produced. To our knowledge, no previous modeling studies
have compared different isomers. In the present form of the kinetic mechanism, only fluoroethane
isomers may be compared, because the fluorocarbon kinetic mechanism, in its original form, does not
include C3 species. Recently, the mechanism has been extended to cover HFC-227ea. **°** Kinetic
mechanisms for other fluoropropanes have not yet been developed.

In the present study, calculations were conducted using the NIST model to predict flame speeds of
stoichiometric methane/air mixtures doped with 3.81 mole % of either HFC-134 or HFC-134a. The goal
of these calculations was to determine if the current kinetic model predicts isomeric differences between
the two agents, and why these differences may exist. Although extinction strain rate predictions, such as
those performed by Tanoff et al., are more relevant to the measurements of Figure 3-2a and Figure 3-3a,
they are computationally more demanding. It is generally acknowledged that flame speed is closely
related to extinction strain rate.”' The current calculations, which predict isomeric differences in
suppression, should therefore carry over to non-premixed flames.

The flame speed calculations were performed on a domain extending 25 cm from the flame into the cold
reactants, and 60 cm into the hot products. The calculations used multicomponent viscosities, thermal
diffusivities for H and H,, and windward differencing for the convective terms. The initial temperature of
the reactants was set to 298.2 K. The ultimate solutions were obtained on meshes having 150 grid points.
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The kinetic mechanism used was essentially that developed by NIST, modified according to L’Espérance
et al.®" The reactions

FCO + CHF, < CF,:CO + HF (R3-1)
CF;CHF + H < CHF:CF, + HF (R3-2)
CF;CHF + H < CH,F + CF; (R3-3)
HCO + CF; < CF,:CO + HF (R3-4)

were taken from Linteris et al. °” Furthermore, the reactions

CH,F + CF; + M < CH,FCF; + M (R3-5)
CH,F + CF; < CHF:CF, + HF (R3-6)

were also added. These latter two reactions were not present in the NIST mechanism, although the
analogous reactions for all other pairs of fluorinated methyl radicals were included. The kinetic rates of
reactions R3-5 and R3-6 were estimated by taking the geometric mean of the rates of the analogous
reactions for CH; + CF; and CHF, + CF;. R3-5 represents an additional destruction pathway for
HFC-134a not considered in the modeling of Reference 57.

Finally, the thermal decomposition reaction

CF3-CHF (+ M) < CF,:CHF + F (+ M) (R3-7)

was added using the high pressure kinetic expression from Reference 56 and estimated low pressure
kinetics from Reference 84. This reaction proved very important in modeling suppression by HFC-227¢a,
in which the CF;-CHF radical is formed from the parent agent by C-C bond dissociation. From
HFC-134a, this radical is produced by hydrogen abstraction.

The predicted flame speeds for the mixtures containing HFC-134 and HFC-134a were 18.9 cm/s and
15.5 cm/s, respectively, or 48 % and 39 % of the calculated uninhibited methane/air flame speed of
39.4 cm/s. For the HFC-134a case, the experimental measurement and numerical prediction of Linteris et
al.’” were 38 % and 29 %, respectively. Flame speed measurements for methane/air/HFC-134 mixtures
have not been reported. Thus, the kinetic model predicted a substantial difference in inhibition
effectiveness between the two tetrafluoroethane isomers. The refinements in the kinetic mechanism
greatly improved agreement with the experimental flame speed measurement for HFC-134a.

Reaction pathway diagrams for HFC-134 and HFC-134a are shown in Figure 3-4a and Figure 3-4b. The
major removal pathway for CHF,-CHF, is thermal dissociation of the C-C bond. For CH,F-CF;, the
major removal pathways are hydrogen abstraction by H and OH, and HF elimination. Sensitivity analysis
indicated that these initial reaction steps had the greatest influence on the difference in flame speed
between the two isomers. This may be a consequence of the major removal pathways for HFC-134a
consuming H or OH and generating less reactive species, while the dominant HFC-134 pathway generates
radicals.
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The reaction pathways associated with HFC-227ea should be representative of those of other fluorinated
propanes. HFC-227ea, under most conditions, is consumed by thermal decomposition, not radical attack.
The decomposition pathways are HF elimination and C-C bond removal. The latter process dominates in
near-stoichiometric, high temperature flames.* For asymmetric isomers, more than one product channel
exists for most agent destruction reactions. If a fluorinated ethyl radical is produced by thermal
decomposition, it is likely to decompose through H atom elimination from the methyl group, if one is
present. Otherwise, F atom elimination will be the dominant process.** H and F are both reactive species.
However, H has a higher diffusivity and participates in the H + O, chain branching reaction, while F
reacts primarily in a chain propagating reaction with H,O. These considerations provide one possible
explanation for the observed isomeric differences among fluoropropanes. Kinetic mechanisms for these
agents must be developed and validated before a more definitive analysis can be conducted.



Halogen-containing Compounds 137

Cup Burner Experiments

The n-heptane and methanol cup burner extinction concentrations obtained in Reference 62 are provided
in Table 3-2. Concentrations based on both volumetric and molar proportions are included. The two sets
of values are not identical as several of the agents deviate from ideal gas behavior at ambient conditions.
Each concentration represents the average of at least 3 runs. At the 99.7 % confidence level (3c), the
uncertainties associated with the cup burner values were estimated to be + 0.6 mole %, with the exception
of those for CF4 and N,, estimated to be =+ 1.5 mole %. Table 3-2 also shows the n-heptane cup burner
data (vol. %) of Hamins et al.”® Extinction concentrations from the two data sets are within 7 % of each
other for all agents except HFC-236fa, for which they differ by 11.5 %.

Table 3-2. Cup Burner Extinction Concentrations.

n-Heptane n-Heptane Methanol
Cup Burner Cup Burner Cup Burner
(Present Study) (Reference 50) (Present Study)
Agent Vol. % Mol. % Vol. % Vol. % Mol. %
Halon 1301 3.1° 3.1 3.0 6.3 6.4
Halon 13001 3.2° 32
Halon 1211 3.6 3.7
Halon 1201 4.1 4.1
FC-218 6.1° 6.3 6.4
HFC-236fa 6.1 6.3 6.8 8.0 8.2
HFC-227¢a 6.4 6.6 6.3 8.9 9.2
HFC-227ca 6.9 7.1
HFC-236ea 7.2 7.5 9.9 10.3
HFC-236¢b 7.4 7.7
FC-116 7.9° 8.0 8.4
HFC-125 8.8 8.9 8.8
HFC-134a 10.0 10.2 10.2
Sulfur Hexafluoride 10.6 10.9
HFC-134 10.9 11.1
Tetrafluoromethane 16.0° 16.0 22.0 22.1
Nitrogen 30.0° 30.0 31.8 41.6 41.6

* From Reference 13.
® From Reference 13, but corrected for typographical error.

Hamins et al.>® and Saso et al.®® compared cup burner values to extinction data collected in liquid
n-heptane counterflow flames. Both studies found that counterflow extinction concentrations at low
strain rates were similar to those obtained in a cup burner. To assess the impact of fuel type on extinction
loadings, methane and propane counterflow values at low strain rates were compared in the present study
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to n-heptane and methanol cup burner values. An appropriate counterflow extinction strain rate must be
selected to make the comparison. Hamins et al. used a global strain rate of 50 s. Saso et al. used a
global strain rate of 30 s™', but defined their global strain rate as half that used by Hamins et al. In this
investigation, a local strain rate of 80 s was chosen.

Figure 3-5a, b, ¢, and d show n-heptane cup burner, methanol cup burner, methane counterflow, and
propane counterflow extinction results, respectively. For each fuel, the agents are presented in decreasing
order of effectiveness, with the most effective agent being the top bar. The methane and propane
counterflow extinction values for N, were divided by two for presentation in the figure. The counterflow
extinction concentrations for agents not tested at strain rates as low as 80 ' were extrapolated from the
curves of Figure 3-2 and Figure 3-3. The predicted agent extinction concentrations represent the loadings
that would be required to suppress the given flames assuming that the agents were inert, and that they
extinguished the flames at the same sensible enthalpy per mole of oxygen as CF4 and SFs.

Physical Versus Chemical Contributions to Suppression

Physical versus chemical contributions to suppression for different agents are compared following the
formalism of Tucker et al.® and Sheinson et al."”> Physical contributions attributed to agent addition
include increased thermal mass, oxygen dilution, and increased conductive heat losses for agents with
high thermal conductivities such as helium. Sheinson et al. found that the dominant physical effect of
most fluorinated agents is to add thermal mass. CF, and SFg, essentially inert, both extinguish n-heptane
cup burner flames when the amount of agent added is such that the energy required to raise the
temperature of the nitrogen and agent present, from 300 K to 1600 K, exceeds a critical value. This
critical value is proportional to the amount of oxygen supplied, and is similar for CF4 and SF¢. It is lower
for non-fluorinated agents such as Ar, He, N,, and CO,, due to greater contributions of thermal
conductivity and oxygen dilution to suppression for these agents.

In the present study, the extinction concentration for CF, was used to estimate the sensible enthalpy per
mole of oxygen required to extinguish a methanol flame. The estimated extinction sensible enthalpy for
this flame was found to be 322 kJ/mol O,. Similarly, SFs extinction concentrations were used to obtain
extinction sensible enthalpies for methane and propane flames of 254 kJ/mol O, and 258 kJ/mol O,,
respectively. In the case of n-heptane, both CF, and SF¢ extinction concentrations were available. The
SF¢ data led to a sensible enthalpy value 1 % lower than that estimated from the CF, data. The average of
the two values, 267 kJ/mol O,, was chosen as the extinction sensible enthalpy for the n-heptane flame.

Physical contributions to suppression of other compounds can be estimated by assuming that they are
inert and that they extinguish a given flame at the same sensible enthalpy per mole of oxygen as CF, and
SF¢. The method is valid for compounds with physical contributions to suppression dominated by
thermal mass addition, as they are for SF¢ and CF4. Physical predictions for the extinction concentrations
of the agents tested in this study are shown in Figure 3-5. The sensible enthalpies required to raise agent
temperature from 300 K to 1600 K are provided in Table 3-1. A comparison of the measured and
predicted extinction data reveals that the bromine- and iodine-containing compounds suppress flames
mostly through chemical means, with physical contributions to suppression not exceeding 30 %
regardless of fuel type. For all of the other agents, the chemical contribution to suppression does not
exceed 35 %. The differences between the measured and predicted values for N, are consistent with the
findings of Sheinson et al. For HFC-134 and HFC-245ca in methane, the actual extinction concentrations
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are larger than the sensible enthalpy predictions. The net effect of fluorocarbon chemistry for these
agents, which do not contain CF; groups, is to promote combustion.
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Figure 3-5. Extinction Concentrations for Agents Suppressing: (a) n-heptane/air Cup
Burner Flames; (b) Methanol/air Cup Burner Flames; (c¢) Methane/air Counterflow Flames
at a Strain Rate of 80 s™'; (d) Propane/air Counterflow Flames at a Strain Rate of 80 s™
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Effect of Fuel Type on Suppression Effectiveness Ranking

The extinction data of Figure 3-5 show that agent effectiveness rankings were similar for the fuels tested.
The bromine- or iodine-containing agents formed the most effective group of suppressants. FC-218,
HFC-227ea, HFC-227ca and HFC-236fa constituted the next most effective group, followed by the
remaining hexafluoropropanes and the pentafluoropropanes. HFC-245ca was the least effective of the
fluorinated propanes tested, but was more effective than FC-116 and HFC-125. The tetrafluoroethanes
and SFs were only more effective than CF, and N,. The effectiveness ranking for methane, although
similar to that of the other fuels, did exhibit some peculiarities. First, FC-116 appeared more effective
than most of the fluorinated propanes. Second, within the 3¢ experimental uncertainty of = 0.8 mole %,
all of the fluorinated propanes tested containing less than two CF; groups were equal in their ability to
suppress methane flames at 80 s™'.

Although the relative effectiveness of the various suppressant groups was similar for all the fuels tested,
the exact ranking within a group depended on the fuel. Furthermore, the rankings extracted from the
counterflow data were somewhat strain rate dependent. The position of the SF¢ extinction strain rate
curve relative to those of the fluorinated ethanes illustrates this dependence.

Figure 3-3a shows that at strain rates between 400 s' and 500 s, in a propane flame, SFs was more
effective than HFC-125. Below 100 s™', it was less effective than both HFC-134 and HFC-134a. These
extinction concentrations are all expressed on a molar basis. On a mass basis, the bromine- and iodine-
containing agents were still the most effective suppressants, with all of the other agents tested, including
N,, exhibiting similar effectiveness.

Effect of Fuel Type on Agent Extinction Concentrations

Figure 3-5 shows that fuel type had an impact on the magnitude of the extinction concentrations, but not
on the effectiveness ranking of the agents tested. The extinction concentrations obtained in the four
different fuels are compared for several agents in Figure 3-6. Included are all of the agents tested in the
n-heptane cup burner, with the exception of halon 13001, halon 1211, and halon 1201. The agents are
ranked in order of decreasing n-heptane effectiveness, with the most effective agent as the top bar.

Figure 3-6 shows that, for the agents tested, methanol flames were more difficult to extinguish than the
alkane flames. This was due in part to methanol’s high sensible enthalpy of extinction relative to that of
the alkanes. For all agents except halon 1301, between 30 % and 40 % more agent was required to
suppress methanol flames relative to the n-heptane flames. For halon 1301, the required amount doubled.
The greater reduction in the effectiveness of halon 1301 was attributed to a decrease in its chemical
contribution to suppression. For n-heptane, chemical factors contribute 80 % to halon 1301’s
effectiveness. For methanol, they contribute 70 %.

Extinction concentrations for methane and propane non-premixed counterflow flames at 80 s-1 were
similar to those for n-heptane cup burner flames. All 12 of the agents tested in both n-heptane and
methane flames were more effective against the latter. The largest deviations between the two fuels
occurred with N,, 28 %, and HFC-116, 20 %. For 8 out of the 12 agents, the deviations were less than
10 %. In the case of propane, the largest deviations from the n-heptane values occurred with HFC-236¢b,
25 %, and HFC-134, 22 %. For 4 out of the 13 agents tested in both fuels in Figure 3-6, the deviations
were less than 10 %, with all 13 agents more effective in propane. Halon 1201 and halon 13001 were the
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only agents more effective in n-heptane: 10 % more halon 1201 and 3 % more halon 13001 were required
for propane flames. Counterflow experiments with both methane and propane at low strain rates yield
extinction concentrations, in addition to effectiveness rankings, applicable to n-heptane cup burners.
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Conclusions

Curves relating extinction strain rate to agent molar concentration were obtained for a variety of
suppressants in methane/air and propane/air non-premixed counterflow flames. The list included four
fluorinated ethanes, ten fluorinated propanes, four bromine- or iodine-containing halons, CF,, SF¢s and N,.

e The relative effectiveness of the fluorinated propanes correlated with the number of CF; groups in
the agent’s molecular structure. Effectiveness did not correlate significantly with any other

structural feature.
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e For agents with the same number of CF; groups, compounds with higher fluorine to hydrogen
atom ratios were slightly more effective, particularly at low concentrations.

e The presence of CF; groups also correlated with an enhanced suppression performance of agents
that contain bromine.

e Numerical predictions of the flame speed of doped methane/air mixtures indicated that
HFC-134a, with one CF; group, caused a greater reduction in flame speed than HFC-134.
Chemical kinetic analysis indicated that a difference in the major pathway for removal of the
parent compound was primarily responsible.

e Overall, the fluorinated propanes were found to be more effective on a molar basis than the
fluorinated ethanes. This was consistent with the greater sensible enthalpy of the former. For all
the HFCs studied, the chemical contributions to suppression did not exceed 35 %.

e Bromine- or iodine-containing agents were more effective than compounds that contained
fluorine as the sole halogen. These bromine- and iodine-containing agents suppressed flames
mainly through chemical means, with physical contributions to suppression not exceeding
30 %.

o Fuel type did not affect agent effectiveness ranking, but did affect the magnitude of the extinction
concentrations. Methanol flames were more difficult to extinguish than either methane, propane,
or n-heptane flames, which were similar to each other. For halon 1301, the agent concentration
required to extinguish a methanol cup burner was more than double the amount required to
extinguish an n-heptane flame. For HFC-236fa, HFC-227ea, HFC-236¢ea, CF,, and N, 30 % to
40 % more agent was required.

3.3 METAL-CONTAINING COMPOUNDS

3.3.1 Background

The NGP also conducted research to identify new, non-halocarbon suppressants and to understand the
mechanisms of inhibition of known, effective agents.*>*’ Metal-containing compounds were of particular
interest. Prior to the NGP, the behavior of metal compounds in flames had been studied with regard to
several flame phenomena and had been found to be up to several orders of magnitude more effective
flame inhibitors than the halogens.”® While research had been conducted to understand metals in
hydrocarbon fames, and progress had been made, a thorough description of the mechanisms of inhibition
provided by these agents had yet to be delineated.

In the most obviously relevant work, metal-containing compounds have been added to flames in a number
of screening tests, aimed specifically at assessing their potential as fire suppressants. Results from these
tests have helped understand the compounds’ influence on flame speed (premixed flames) and extinction
(diffusion flames), as well as their effect on ignition. Flame studies have also been used to understand the
detailed mechanism of inhibition by metal agents, either by providing direct experimental data on species
present in the flame zone, or by validating numerical models which are then used to calculate the flame
structure; either of these approaches are then used to develop an understanding of the relevant chemical
kinetic mechanisms.
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Studies of engine knock suppression by metal-containing compounds provided much early data on metals
in flames. Since engine knock is known to occur from the rapid pressure rise (and subsequent
detonations) inside an engine cylinder caused by too fast reaction of the homogeneous charge of fuel and
air, the mechanisms of engine knock reduction may have clear relevance to fire suppression—in which
the goal is again to reduce the overall reaction rate with the addition of the suppressing agent. In
engines—as well as in heating applications—research has also been directed at understanding their
efficacy at soot reduction. Although both soot formation and the overall reaction rate of flames are
known to be related to the location and concentration of radicals in the flame, the effects of metals on soot
formation are not reviewed here.

Other systems have been used to understand metal chemistry in flames. A large amount of fundamental
work has been done with premixed, atmospheric pressure flat flames. The flat flame provides a nearly
one-dimensional system, and the region above the flame (i.e., downstream of the main reaction zone)
provides a long residence time, high temperature region for radical recombination. The H-atom
concentration typically is measured with the Li-LiOH method (described later in this chapter), and the
additive’s effect on the radical recombination rate is determined. In addition, much detailed fundamental
understanding has come from shock tube studies and flash photolysis studies in reaction vessels. Some
studies of fire retardants are also relevant to fire suppression mechanisms of metals, such as when the fire
retardant works by suppressing the gas phase reactions (and the subsequent heat release and heat feedback
to the solid sample). Finally, after-burning in rocket nozzles provided motivation to understand metal-
catalyzed radical recombination reactions, and modeling studies have been performed for those systems.

From these studies, it was clear that metals can have a profound effect on flame chemistry. Further, their
effectiveness in these varied applications may well be related. In any event, data from each of the
applications can provide insight into possible metals for application to fire suppression as well as provide
fundamental data useful for predicting their performance in a range of applications. Work investigating
the effect of metals for each of the applications is described in the remainder of this subsection.

The remainder of this section provides background on the current understanding of metal inhibition of
flames, identifying metals with fire suppression potential, and presents fundamental data which can be
used in future comparison with modeling results.

In particular, iron pentacarbonyl, Fe(CO)s, has been found to be one of the strongest inhibitors, up to two
orders of magnitude more effective than CF;Br at reducing the burning velocity of premixed
hydrocarbon-air flames.** Despite past research, a thorough description of its mechanism of inhibition
had not been delineated. Iron pentacarbonyl forms particulates upon passing through a flame.
Interestingly, other very effective inhibitors also involve a condensed phase. These inhibitors include
those which form the particulates after passing through the flame as well as those which are initially
added as a condensed phase. The former category includes other organometallics compounds such as lead
tetracthyl and nickel carbonyl and the halometallic compounds TiCl, and SnCl,,** as well as a new class
of fire suppressants, pyrotechnically generated aerosols,” which may work similarly. The latter category
includes the widely used alkali metal salt powders NaHCO; and KHCO3,91 other metal salts,92 and a new
type of suppressant, non-volatile organic precursors.”” These condensed phase agents have many
similarities, in particular, their strong inhibiting action and the lack of a complete understanding of their
modes of inhibition.
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Because Fe(CO)s is so effective, it was selected first for further study under the NGP. Although its
toxicity prevents it from being used as a flame suppressant, an understanding of its inhibition mechanism
was expected to help in developing new agents, and the experimental and analytical tools being developed
would be useful for the study of other heterogeneous inhibitors. The approach was to use simple
laboratory flames, both premixed Bunsen-type and counterflow diffusion, to obtain fundamental
information on the action of iron pentacarbonyl. The burning velocity and extinction strain rate, both of
which provide a measure of the overall reaction rate, were determined with addition of Fe(CO)s, while
varying the stoichiometry, oxygen mole fraction, flame temperature, and flame location. These
experiments allowed control of the chemical environment, the location where the metal-containing
species were formed, and the transport of these species to the reaction zone.

Studies of the inhibition mechanism of the iron are described, and are followed by a description of the
reasons why it losses its effectiveness in some flame systems. The equivalent flame inhibiting species of
other metal agents are then discussed, and evidence for any potential loss of effectiveness for these other
metals is assembled.

Engine Knock

Agents that reduce engine knock may also be effective flame inhibitors, and it was useful to examine the
literature of engine knock to search for possible moieties. Engine knock is the onset of detonation waves
in an engine cylinder brought about by the homogeneous ignition of the end-gas region of highly
compressed and heated fuel and air. The effect of some agents in reducing knock has been known since
the 1920s, including compounds of bromine, iodine, tellurium, tin, selenium, iron, and lead, as well as
aniline.” Tetraethyl lead (TEL) very early became the anti-knock agent of choice. While much
subsequent research was performed to understand its mechanism of knock reduction, the exact
mechanism for this agent remains an unsolved problem in combustion research (perhaps because leaded
fuels were later banned due to their poisoning effect on exhaust catalytic converters). Although much
progress was made, the researchers divided into two camps: those endorsing a heterogeneous
mechanism’> and those promoting a homogeneous radical recombination mechanism.”®

Several known effects of lead in engines support the heterogeneous mechanism. Muraour’’ appears to
have been the first to propose chain-breaking reactions on the surface of a colloidal fog formed from TEL.
The particle cloud was subsequently shown to be composed of PbO, which is the active species.”® Since a
strong influence of PbO coatings on reaction vessel walls has also been observed,”® a heterogeneous
mechanism of PbO was assumed. Although other results support the heterogeneous mechanism, the
evidence is somewhat circumstantial. The known metallic antiknock compounds (tetraethyl lead,
tellurium diethyl, iron pentacarbonyl, nickel tetracarbonyl®) all produce a fog of solid particles. The
alkyls of bismuth, lead, and thallium are anti-knocks, but those of mercury (which does not form
particles) are not.” Richardson et al.'” showed that carboxylic acids increase the research octane number
of TEL in engines, and argued that they reduced agglomeration of the PbO particles in the engine end-
gas, but acknowledged that their arguments were qualitative. Zimpel and Graiff'®' sampled end gases in a
fired engine for transmission electron microscopy (TEM). They claimed that 1000 nm diameter particles
formed prior to the arrival of the flame, proving that the effect of TEL was heterogeneous. Commenters
to the paper pointed out, however, that the particles could be forming in the sampling system, that the
effect of lead extenders was not captured in the particle morphology, and that even if particles form, the
gas phase species can also be present, and it is thus not precluded that they are doing the inhibition.
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Based on the work of Rumminger and Linteris,'” even if particles form, they can re-evaporate in the hot
region of the flame if they are small enough. Finally, as described by Walsh,” a major shortcoming in the
work with TEL is that it is easily absorbed on the way to the reaction vessel, so that it is difficult to know
how much TEL actually makes it to the flame. As subsequently described by Linteris and
co-workers, the efficiency'""” and particle formation'**'® of organometallic agents are strongly affected
by the volume fraction of the metal compound.

In later work, Kuppo Rao and Prasad'® claimed to prove the heterogeneous mechanism of lead anti-
knock agents. They inserted copper fins coated with PbO into the cylinder of an engine, or injected 30 um
particles into the air stream, and found antiknock effects. They interpreted these results as evidence that
the mechanism is heterogeneous. Nonetheless, they did not measure for the presence of gas phase lead
compounds, so a homogeneous mechanism cannot be ruled out. For the eleven lead compounds tested,
they found the effectiveness to vary by a factor of about six, and found similarly sized particles of CuO,,
CuO, CuCl,, NiCl,, and SnCl, to have equal effectiveness which was less than any of the lead
compounds.

The early and strong evidence for a homogeneous gas phase inhibition mechanism of TEL was developed
by Norrish.”® Using flash photolysis of mixtures of acetylene, amyl nitrite, and oxygen in a reaction
vessel, with and without TEL, the absorption and emission spectra of amyl nitrate, OH, Pb, PbO, NO,
CN, CH, and TEL were obtained as a function of reaction progress. The reactants were chosen since, in
the absence of anti-knock compounds, they showed the strong homogeneous detonation characteristic of
engine knock. The researchers found that the induction time increased linearly with TEL addition at low
TEL partial pressures, but that the effectiveness dropped off at higher pressures. This result was
described subsequently for the flame inhibitors Fe(CO)s,gg’103 SnC1**" and CH;CsH4,Mn(CO);
(MMT)."”" After decomposition of TEL, Pb was present in low concentration, followed by large amounts
of PbO and OH, which subsequently dropped off. With TEL addition, the formation of OH was retarded,
and the increase in OH emission was smoother and better behaved. No particles were reported. Norrish
et al. described the action of TEL as a two-stage homogeneous gas phase reaction mechanism. In the first
stage, TEL reacts with the peroxide and aldehyde intermediates (characteristic of the end of the cool
flame regime of alkane combustion), thus reducing the availability of these species for initiating the well-
known second stage of the combustion. Gas phase PbO from the TEL then reacts with the chain-carrying
intermediates to reduce the rate of heat release, slow the temperature rise, and reduce detonation. It is
noteworthy that many of the features subsequently described by Linteris and Rumminger''® as necessary
for flame inhibition by iron compounds (effectiveness in the absence of particles, decreasing effectiveness
with higher inhibitor concentration, key role of the metal monoxide species, and the necessary
coexistence of OH and metal monoxide species) were shown in the 1950s by Norrish and co-workers to
be necessary for effective knock reduction by TEL. Although it was of the highest quality, the findings of
Norrish and co-workers were discredited by the engine community largely because the tests were not
done in engines or with typical fuels. This work predated most of the important flame inhibition work of
the 1970s by 20 years.

Flame Screening Tests

Papers describing the results of screening tests clearly demonstrated the superior effectiveness of some
metal-containing compounds as flame inhibitors. The seminal work of Lask and Wagner** investigated
the efficiency of numerous compounds for reducing the burning velocity of premixed Bunsen-type
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hexane-air flames stabilized on a nozzle burner. They found the metal halides SnCl, and TiCly to be quite
effective at low volume fraction (and GeCly about a factor of two less then these). In unpublished work,
cited by others,'"" Lask and Wagner provide the measured flame speed reduction with addition of SbCls
to hexane-air flames, showing it to be about twice as effective as CF;Br. They tested Fe(CO)s, Pb(C,Hs)s,
and CrO,Cl, and found these to be spectacularly effective, with volume fractions of only 170 pL/L and
150 puL/L required for the first two to reduce the burning velocity by 30 %. (Although not quantified, they
believed the effectiveness of CrO,Cl, to be even higher.) They categorized the active species in the
compounds they tested into two classes: the halogens, and the much more effective transition metals.
Skinner and coworkers,''> using a burner which produced conical flames, tested 80 compounds for
reducing the burning velocity of premixed hydrogen-air flames (fuel-air equivalence ratio ¢ of 1.75).
They found the most effective to be: tetramethyl lead TML Pb(CHj;),, Fe(CO)s, TiCly, SnCly, SbCls, and
TEL (in that order), with TEL only slightly better than CF;Br, and TML about 11 times better. A
limitation of this work, however, was that the agents were tested at only a single volume fraction. Since
the efficiency of many agents is known to vary with their concentration,'® such an approach can skew the
relative performance rankings. Also, in the hotter, faster-burning hydrogen flames, the propensity to form
particles from the metal oxides and hydroxides is less than in the slower, cooler hydrocarbon-air flames of
other studies (see Rumminger et al.'®®). An additional flame screening test was performed by Miller,'"?
who tested 15 compounds added to low-pressure (1.01 kPa) premixed and diffusion flames, and found
SnCly, POCI;, TiCly, Fe(CO)s), WFg, and CrO,Cl, to have some promise.

Two screening tests involved the inhibition of propagating premixed flames through clouds of small solid
particles of inhibitor. Rosser et al.”' added metal salts as dispersions of fine particles (2 um to 6 pm
diameter) to premixed methane-air flames. They used the reduction in upward flame propagation rate
through a vertical tube as a measure of the inhibition effect. They correctly described the effects of flame
speed and particle diameter on the particle heating rate, and together with the volatilization rate for each
compound, assessed the fraction of the particle which was vaporized. They quantified the effect of
particle size on inhibition effectiveness, and showed that while additional agent decreased the flame
speed, the effectiveness eventually saturated (i.e., beyond a certain additive mass fraction, additional
inhibitor had a greatly reduced effect on the flame speed). They postulated a homogeneous gas phase
inhibition mechanism involving H, O, and OH radical recombination reaction with the metal atom and its
hydroxide. This mechanism had many of the features of subsequently described mechanisms'®"''*!°
which are now believed to be correct. They also correctly understood that catalytic radical recombination
relies upon a super-equilibrium concentration of radicals (commonly present in premixed flames and
diffusion flames at higher strain), and that this provides an upper limit to the chemical effect of
catalytically acting agents. Finally, they suggested that adding an inert compound as a co-inhibitor can
overcome this limitation. A number of alkali metal sulfates, carbonates, and chlorides were tested, as
well as cuprous chloride CuCl, which was found to be about twice as effective as Na,CO; (after
correcting for the larger size of the CuCl particles).

A later study involving premixed flames with particles was performed by deWitte et al.''” In it, relatively
large particles (100 um diameter) were electrostatically suspended in a tube and then injected into a
downward facing premixed Bunsen-type flame, and their effect on the flame temperature, burning
velocity, and extinction condition was measured. Various barium, sodium, and potassium compounds
were tested, as well as AICIL,, CuCl,, and PbO. The authors noted a thermal and chemical effect of the
particles, and assumed that the chemical effect was due to recombination of chain-carrying radicals on the
particle surfaces. The authors estimated that for these large particles, little of the particles could be
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vaporized. Nonetheless, it is not possible to separate the heterogeneous and homogeneous inhibition
effects from their data. The authors found particles of CuCl, and PbO to be about two and eight times as
effective as particles of Na,COs, and surprisingly, found AICl; to be about three times as effective.

Flame screening tests of many compounds were performed by Vanpee and Shirodkar’ to test the relative
effectiveness of metal salts. The metal acetonates and acetylacetonates were dissolved in ethanol, and
fine droplets of the metal salt solutions were sprayed into the air stream of a counterflow diffusion flame
over an ethanol pool. The inhibition effect was quantified, at a given air flow velocity (i.e., strain rate) as
the change in the oxygen volume fraction at extinction caused by addition of the inhibitor, normalized by
the inhibitor volume fraction (Mole merit number = (on,ext— on,ext,i)/Xi, in which on,ext,i and on,ext are
the oxygen volume fractions required for extinction, with and without added inhibitor, and Xi is the
volume fraction of inhibitor in the oxidizer stream). Their results are depicted in Figure 3-7, which shows
the metal compounds tested, listed from most effective to least. The maximum and minimum values of
the mole merit number are listed for the range of oxidizer velocities of the tests (50 cm/s to 60 cm/s).
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As the figure shows, the metal salts of Pb, Co, Mn, Fe, and Cr all showed some inhibition effect.
Interestingly, Fe(CO)s was not as effective as iron acetylacetonate, and for lead, the acetonate was about
twice as effective the acetylacetonate. It should be noted, however, that the interpretation of the present
data are complicated by several effects. First, changing the oxygen mole fraction changed the
temperature, which can change the effectiveness of an agent, as subsequently described in References
103-105, 118, and 119. Since the air stream velocity was changed while holding the nebulizer flow
constant, the ethanol concentration changed in these partially premixed diffusion flames. Adding
changing amounts of a fuel species (i.e., the carrier ethanol) in the air stream, changed the flame location
and the scalar dissipation rate for a given strain rate (i.e., air flow velocity), so that the extinction
condition was modified (as discussed in References 73 and 120). The size of the residual particle (which
will vary from agent to agent) could affect its ability to vaporize in the flame, affecting the indicated
efficiency. Finally, for metal agents that condense, their marginal effectiveness was a very strong
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function of the concentration at which they are added. Hence, without knowing what the additive mole
fraction was, it is difficult to cross compare the effectiveness of the different agents. For these reasons,
the results shown in Figure 3-7 are considered qualitative, rather than quantitative. For example,
subsequent studies'?' have rated iron as about 10 times as effective as sodium, in contrast to the results of
Vanpee and Shirodkar, which show the acetylacetonate of iron to be only about 20 % more effective than
that of sodium.

Radical Recombination above Premixed Flames

Much of the understanding of the homogeneous gas phase flame inhibition by metals came from studies
of H-atom recombination rates above premixed, fuel rich, H,-O,-N, burner-stabilized premixed flames.
The techniques, pioneered by Sugden and co-workers,'**"'?* involve absorption spectroscopy for OH, and
the Li/LiOH technique for H atom. (In the latter technique, the strong absorption lines of Li and Na are
simultaneously measured above a flat flame. With the assumptions that Na is present in the flame only in
atomic form and that Li is present only as Li and LiOH, the measured ratio of the Li to Na absorption
together with the known equilibrium constant for the reaction Li + H,O = LiOH + H provides [H].) In
some of their early relevant work they determined the dominant metal species in H,-O,-N, premixed
flames above Meker burners with added dilute sprays from aqueous salts of copper and manganese.
Copper was found to exist mostly as Cu in the flame, and the dissociation constants of CuH'* and

CuOH'"** were determined from their concentrations above the flame at different temperatures.

The copper-containing species present above a Meker burner supplied with H,-N,-O, mixtures with added
copper salts were found to be Cu, CuO, CuOH, and CuH."**'* Their concentrations were related by the
balanced reactions:

Cu+ H,0 < CuOH + H
Cu+OH+X < CuOH+ X
Cu +H; & CuH+H
Cu+H+X <& CuH+X.

In a detailed study of chromium, Bulewicz and Padley'*® added pL/L levels of Cr (from either chromium

carbonyl or aqueous sprays of chromium salts) to a premixed, fuel-rich, flat-flame burner of H,+O,+N,,
and measured the catalytic radical recombination by the chromium compounds. They identified the
active chromium species as Cr, CrO, CrO,, and HCrO; and also detected solid particles, which appeared
to have equivalent black-body temperatures up to 500 K higher than the gas. They estimated an upper
limit for the rate of heterogeneous radical recombination on the particle surfaces, and estimated that, at an
upper limit, it was the same order as the natural un-catalyzed recombination rate in the flame. They also
found that Cr showed measurable catalytic radical recombination even when added at volume fractions of
about 1uL/L, at which heterogeneous particle catalysis cannot be contributing. They cited Jenkins (1969,
personal communication) as first showing the catalytic effect of metals (Ca, Sr, Ba) on radical
recombination in flames. Interestingly, their data showed a saturation effect in the catalytic radical
recombination by Cr species, and their analyses showed that it is due, not to condensation of the active
gas phase Cr-containing species to particles, but to reduction in the available radicals to recombine.

Bulewicz and Padley proposed that the following balanced reactions are important in chromium
inhibition, but did not develop an explicit mechanism:
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Cr+OH < CrO +H
CrO + OH < CrO, + H
CI’OZ + HQO <> HCI‘O3 +H.

Further, they speculated that at very low additive concentrations, the following gas phase reactions might
be important:

CrO+H+X =>CrOH*+ X
CrOH*+H =>CrO+H; .

In continuing work, Bulewicz and coworkers''>''® studied the catalytic effects of 21 metal species for

recombining chain-carrying flame radicals present at super-equilibrium levels above premixed, fuel rich,
flat flames of H,+O,+N, at 1860 K. Table 3-3 shows the ratio of the catalyzed to uncatalyzed
recombination rate for H atom caused by each of the metals, added at 1.3 pL/L.

Table 3-3. Catalytic Efficiency of Different Metals in Promoting Radical Recombination.
Values of Kops/Kuncat (T = 1860 K; X[M] = 1.3 uL/L; H,/O,/N, = 3/1/6)

Strong Effect Some Effect No Effect

Cr 2.8 Co 1.1 v 1
U 1.82 Pb 1.1 Ni 1
Ba 1.75 Zn 1.07 Ga 1
Sn 1.6 Th 1.06 Cl 1
Sr 1.35 Na 1.04
Mn 1.3 Cu 1.04
Mg 1.25 La 1.04

Ca 1.25

Fe 1.2
Mo 1.16

The cut-off value for this ratio was arbitrarily set to 1.1, and those above that value were described as
having a strong catalytic effect. The possibility of heterogeneous recombination on particles was
admitted, but at these low volume fractions, the authors argued primarily for a homogeneous gas phase
mechanism involving H or OH reaction with the metal oxide or hydroxide (attributed to Jenkins).

H+ MO + (X) = HMO + (X)
HMO + OH (or H) = MO + H,O (or H),

in which M is a metal, and X is a third body.

Concurrent with the alkaline earth metals, Cotton and Jenkins''* showed that Ca, Sr, and Ba added as a
fine mist of a salt solution to premixed H,+N,+O, flat flames catalyzed the radical recombination for
additive volume fractions in the range of 1 pL/L to 10 pL/L. By estimating the reaction rates in possible
recombination mechanisms, they recommended the radical recombination mechanism to be:
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MOH + H => MO + H,
MO + H,0(+X) => M(OH),(+X)
M(OH), + H <> MOH + H,0.

Jenkins and co-workers extended their studies of metal-catalyzed radical recombination in premixed
flames to study soot formation in diffusion flames. The strong effect of metals on soot formation in
flames is well-known.'”” Cotton et al.'*® added 40 metals to co-flow diffusion flames of propane and
N,/O, mixtures and measured their effect on soot emissions and the smoke point. They postulated a
mechanism for soot reduction whereby the catalytic reaction scheme listed above ran backwards,
dissociating H,O and H, into OH and H, which then oxidized the soot particles.

The question of heterogeneous versus homogeneous gas phase chemistry was investigated by Bulewicz et
al.'” Through examination of the variation of the intensity of emitted radiation as a function of
wavelength from particles formed above a premixed H,+0O,+N, flat flame with added spray of aqueous
uranium salt, they determined that the particles (presumably uranium oxide) were up to 500 K above the
gas temperature. They interpreted the particle temperature rise to be caused by the catalytic
recombination of H and OH on the particle surfaces. Nonetheless, Tischer and Scheller'*° pointed out
that the spectral variation of the particle emissivity was unknown, and the gray-body assumption of
Bulewicz was probably unjustified. They also argued that the excess temperature may have been due to
surface reactions other than radical recombination.

In similar work with premixed, fuel rich, flat flames of H,+O,+N,, Jensen and Jones"! extended the

classic Li + H;O <> LiOH + H photometric method to include the equilibrium for the reaction
Sr"+H,0 <> StOH" + H ,

in which [STOH"]/[Sr'] was measured mass spectrometrically. Using both this new technique as well as
the LiOH photometric method, they studied the catalytic flame radical recombination by tungsten and
molybdenum, as well as once again confirming the strong effect of tin. Using flames at temperatures of
1800 K to 2150 K, and with metal addition at 1 uL/L to 110 uL/L, they collected data on the rates of
radical recombination in the presence of the metallic catalysts (added as tetramethyl tin, or hexacarbonyls
of tungsten or molybdenum), and measured the major species present in flames inhibited by W and Mo.
By analogy with the mechanisms they developed for calcium''* and iron'* in flames, they then postulated
reaction mechanisms for W and Mo, and estimated the rates for the reactions in the catalytic cycles. For
the conditions of their flames, the radical recombination cycles, for either W or Mo, were about five times
faster then those of tin. (Using the results of Linteris et al.,'"" this translates to an effectiveness about
10 times that of CF;Br, or about one-fifth that of Fe(CO)s). For tungsten and molybdenum, the cycles
are:

HWO;+H < WO; + H,
WO; + H,0 < H,WO,
H,WO4+H < HWO; + H,0
(net: H+ H & Hy)
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and

HMoO; +H <> MoO; + H,
MoO; + H,O < H,Mo0O,
H,Mo0O4+H < HMoO; + H,O
(net: H+ H < H,).

Jensen and Jones"' found the dominant species in tungsten and molybdenum inhibition to be WO;,
HWOs;, and H,WO,, and MoO3, H MoO3;, and H,MoO,.

In continuing work, Jensen and Jones'* used similar techniques to study the radical recombination by
cobalt added to a premixed, fuel rich, flat flame of H,-N,-O,. With Co added as cyclopentadienylcobalt
dicarbonyl at volume fractions of about 0.03 [JL/L to 145 [JL/L, and flame temperatures ranging from
1800 K to 2615 K, they spectroscopically identified the dominant cobalt-containing species to be Co,
Co0, CoOH, and Co(OH),, with most of the cobalt being present in the flame as free Co atoms. Again by
analogy with the Ca and Fe mechanisms, the Co mechanism was postulated to be:
Co+ OH=>CoO +H
CoOH+H <« Co+H,
CoO + H,0 <> Co(OH),
Co(OH), + H <> CoOH + H,O

(net: H+H < H,),

with the first step added since Co is the dominant Co-containing species. The rates of these catalytic
steps were again inferred from the experimental data. Cobalt appeared to be about 2/3 as effective as tin
in these flames.

Gas phase Flame Retardants

Insight into mechanisms of metal flame inhibition was gleaned from studies of metal species added to
materials as fire retardants (when their mode of action has been found to be in the gas phase). One such
system is the antimony - halogen combination. Although they did not unravel the detailed mechanism,
B4137 showed that the relevant species act in the gas phase; they believed that the
antimony moieties poisoned the flame, much as do brominated species. Similarly, Martin and Price'*®
observed that the addition of triphenylantimony to certain polymer substrates provided fire retardancy,
even in the absence of halogen, and believed the mechanism involved antimony species in the gas phase.

Fenimore and coworkers

In a series of detailed experiments, Hastie and co-workers determined the mechanism of flame inhibition
in the antimony-halogen system. Using a Knudsen effusion cell containing Sb,O; over which passed
HCI, they showed that SbCI; was evolved through a series of halogenation steps involving successive
oxychloride phases."”” Using a molecular beam mass spectrometer, they studied both the pyrolysis
products of polyethylene retarded by antimony-oxide/halogen, as well as intermediate species profiles in
premixed CH,/O,/N; flames with added SbCl; and SbBr3.'*" For the pyrolysis studies, the major effused
species from the polymer were SbCl; and SbOCI. In the flame studies,*! they found that SbCl; reacted
readily to SbOCI, which then reacted with H to form SbO. They measured the major intermediate species
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of SbBr; flame inhibition to be SbO, Sb, HBr, and Br. They also measured the decrease in the hydrogen
atom volume fraction with addition of SbBr;, and developed a reaction sequence for the formation of the
intermediate species, as well as for the gas phase inhibition reactions. They argued strongly that the
inhibition effect of antimony-oxide/halogen system was predominantly from the reaction sequence:
SbO + H — SbOH*
SbOH + H — SbO + H,

net: H+ H — H,

with a smaller effect from the usual bromine sequence, and an even smaller contribution from the
equivalent chlorine cycle.

Ignition Studies

The effect of metals on ignition has been studied in both shock tubes and flames. Morrison and
Scheller''" investigated the effect of twenty 20 inhibitors on the ignition of hydrocarbon mixtures by hot
wires. They found that SnCly, was the most effective inhibitor tested for increasing the ignition
temperature, whereas the powerful flame inhibitors CrO,Cl, and Fe(CO)s had no effect on the ignition
temperature. Dolan and Dempster'** studied the effect of small particles (5 um to 10 um diameter) of
metal compounds on suppressing the spark ignition of premixed natural gas-air mixtures in a vertical
7 cm diameter tube. They found that barium hydroxide octahydrate, barium chloride, and copper acetate
monohydrate were each about three times less effective than sodium bicarbonate particles, while cuprous
oxide and cobaltous chloride hexahydrate were each about 20 % less effective than NaHCO;. Several
studies have shown that metals can actually speed the ignition process in some chemical systems. In
shock-tube studies, Matsuda and co-workers'* found that Cr(CO)s reduced the initiation time for reaction
of CO or C,H, with O, in shock-heated gases. The metal carbonyl was present at 0 pL/L to 50 pL/L, so
the presence of any particles was precluded. The mode of action was believed to be gas phase reactions
involving CrO, CrO,, and CrO;. In later shock-tube work with Fe(CO)s in mixtures of CO-O,-Ar,
Matsuda'** found that a volume fraction of Fe(CO)s of few hundred pL/L greatly accelerated the
consumption of CO,. They postulated the effect to be due to oxidation of CO by metal oxides via: FeO +
CO => Fe + CO,, and noted that these reactions may be of importance since the mixtures were quite dry
(Xou = 5 pL/L). Interestingly, such accelerating oxidation pathways were also found to be important in
the dry reaction of CO with N,O in flames."** In recent shock tube studies of CH,-O,-Ar mixtures, Park et
al."*® found that with (500, 1000, or 2000) pL/L of Fe(CO)s, the ignition time was shorter than without the
additive, again indicating a promotion effect of the metal additive; however, they did not determine the
cause of the promotion for this moist system. Finally, in flash photolysis studies many years ago, Erhard
and Norrish® found that unlike Pb(C,Hs)4 and Te(CHj), which retarded hydrocarbon combustion,
Ni(CO)4, Fe(CO)s, and Cr(CO); all greatly accelerated the combustion.

Radical Recombination in Rocket Nozzles

Jensen and co-workers were motivated to study combustion inhibition by metal compounds largely by the
desire to suppress afterburning in rocket nozzle exhausts. Using mechanisms developed for K, Ba, Fe,
Mo, W, Cr, and Sn, Jensen and Webb'? calculated the amount of inhibitor required to suppress
afterburning in the exhaust plume of a double-base propellant (unspecified composition, but usually a
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homogeneous mixture consisting of nitrocellulose and nitroglycerine). The products of the propellant
reactions consisted of a fuel rich mixture, principally CO and H,, much like the recombination region
above the fuel-rich premixed H,-O,-N, laboratory flames used to study the metal-catalyzed radical
recombination. Their calculations (which did not include the effects of condensation to particles)
indicated that W and Mo were about a factor of five less effective than Fe, Cr was about a factor of six
less effective, and Sn was more than seven times less effective. These results are consistent with those of
the flat flame measurements described above.

Jensen and Webb did not measure particles or calculate the degrading effects of particle formation on the
suppression of afterburning in rocket motors, but they did estimate the upper limit for radical
recombination by the heterogeneous reactions on the particle surfaces. Their calculations indicated that
although significant, the heterogeneous reactions could not suppress the afterburning, even for the
smallest particle diameters assumed (10 nm). They also estimated that although the inhibiting species
were probably volatilized in the combustion chamber, the characteristic times for condensation were
probably of the same order as the residence time in the nozzle, indicating the potential for condensation.
Their conclusions were that the metals held good promise for afterburning suppression in rocket motors,
and that further work was necessary to estimate the rates of the catalytic cycle reactions and of the
condensation rates of the metal derivatives under the conditions in their system.

Other Relevant Investigations of Metal Compounds in Combustion Systems

There have been a number of recent papers dealing with metals in flames. Crosley and co-workers'*®
added MMT to premixed flames with the purpose of studying its effect on NO formation. Adding MMT
at volume fractions of about 0.5 pL/L to near-stoichiometric premixed low-pressure (522 Pa) propane-air
flat flames in a McKenna burner, they measured the temperature and the relative concentrations of OH,
H, O, CH, NO, and CO through the flame. While they observed no discernable effect of the MMT, this
may have been due either to the low concentration of the additive, or the low pressure, both of which
could limit the influence.*'"” They did, however, start to develop a mechanism for manganese which

served as a basis for future efforts.'"’

Chromium reaction in a atmospheric pressure, premixed hydrogen-air flat flame was studied by Yu et
al.'”’ Using microprobe gas sampling in the region downstream from the main reaction zone, they
collected chromium species in the gas and condensed phase. The particle size distribution and the
fraction of Cr as Cr(VI) was determined as a function of position. In addition, they assembled a kinetic
mechanism for Cr reaction in flames through analogy with boron and aluminum combustion, and used the
mechanism, together with the measured temperature profile, to calculate the fraction of hexavalent Cr in
the downstream region from the flame zone. They also modeled the growth (but not the reaction) of the
particle phase. For both particle growth and Cr(IV) formation, the calculations were able to predict the
experimental trends. They concluded that further kinetic model development was necessary for accurate
treatment of Cr speciation in flames. In later work, Kennedy et al.'® studied the morphology of the
particles formed in a hydrogen—air—nitrogen co-flow diffusion flame with added chromium nitrate or
chromium hexacarbonyl. They found that the morphology of the particles varied with the temperature of
the flame and the source of the chromium.

Kellogg and Irikura'®' performed theoretical calculations to predict the heats of formation as well as the
enthalpies and free energies of reaction for the FeO,H, species thought to be important in iron inhibition.
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They found that nearly all of the reactions involving these species and potentially contributing to flame
inhibition are exergonic at 1500 K. Hence, they suggested that further refinement of the inhibition
mechanisms of iron would require knowledge of the actual kinetic rates of the inhibition reactions to
improve upon the preliminary estimates of Rumminger et al.'®*

In a comprehensive review of possible chemicals for use as halon alternatives, Tapscott et al.'>* suggested
that of the metals, Cu, Fe, Mn, and Sn, were worthy of further study. Since that time, premixedlo7 and
co-flow diffusion flame'* studies have been performed for compounds containing Fe, Mn, and Sn. No
additional work has been reported for copper compounds as fire suppressants.

Detailed Studies with Iron

After the potential effectiveness of iron as a flame inhibitor was indicated,**”>* the behavior of iron

pentacarbonyl was investigated in detail in several old investigations. The extraordinary flame inhibiting
effectiveness of iron was first identified by Lask and Wagner® in their screening study involving
methane-, hexane-, and benzene-air premixed Bunsen-type flames with numerous additives. In
continuing work,*” Wagner and co-workers described the superior effectiveness of Fe(CO)s for reducing
the burning velocity of hydrocarbon-air flames in nozzle burners. They found that an Fe(CO)s volume
fraction of 100 puL/L reduced the burning velocity by 25 % when added to stoichiometric methane-air
flames at atmospheric pressure. With oxygen as the oxidizer, or at reduced pressure, they found the
effectiveness to be lowered. For hydrogen-air flames, Fe(CO)s was again much more effective than Bry.
They noted that at low volume fractions, the decrease in the burning velocity was proportional to the
concentration of Fe(CO)s, whereas for increasing concentrations of Fe(CO)s, the relative influence
seemed to decrease. They postulated a homogeneous radical recombination mechanism at low volume
fraction, and a heterogeneous one at higher.

To understand the detailed mechanism of Fe(CO)s, Bonne et al.* spectroscopically investigated premixed
flat flames of methane with air or O,. Unfortunately, at the low pressures for which the flame zone was
expanded sufficiently to optically probe the flame (800 kPa), the kinetic effect of Fe(CO)s was very small.
Nonetheless, for Fe(CO); volume fractions up to 100 pL/L they observed that (1) the peak OH volume
fraction Xony was unchanged, but shifted slightly downstream from the burner, and (2) the decay rate of
Xou was increased in the presence of Fe(CO)s, clearly indicating the effect of Fe(CO)s on radical
concentrations in the flame. They measured FeO and Fe emission, as well as Fe absorption, and found
that Fe and FeO emission peaked in the main high-temperature reaction zone, implicating these species in
the radical recombination reactions. Although FeO had a double peak, with a minimum at the location
where the rate of OH recombination was greatest, the authors did not feel that the decrease in FeO
emission was correlated with a decrease in FeO concentration. They noted that solid particles were
forming, that they were attempting to measure them, and said that the results of these measurements
would be reported in the future (but no publications subsequently appeared).

In later work, the high effectiveness of iron was confirmed for methane-air premixed Bunsen-type flames,
and extended to counterflow diffusion flames, by Reinelt and Linteris.'” Their work indicated clearly that
iron was very effective at low concentration, but that the effectiveness leveled off at higher concentration.
Further studies with premixed flames of CO-0O,-N, andCO-N,O-N, confirmed the effectiveness of
Fe(CO)s in other systems.
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3.3.2 Metals with Demonstrated Flame Inhibition Potential

Based on the above, Table 3-4 presents a list of metals whose compounds have demonstrated inhibitory
effects in flame systems. The type of flame system used to determine the effectiveness is listed across the
top (Note: FR denotes Fire Retardant). Under each category of flame system, the individual reference is
listed. The elements are listed in the approximate order of demonstrated or expected effectiveness. Note,
however, that there is large uncertainty in this ranking.

Table 3-4. Metals Which Have Shown Flame Inhibiting Properties.

Detailed Flame Flame Screening Flat Flame Radical
Studies Engine Knock Tests Recombination Ignition | FR

Element
89
103
107
106
153
99
94
109
96
95
34
92
112
113
117
91
116
115
126
133
131
132
142
111
9
139

N
=
X [ X | x| x
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3.3.3 Flame Inhibition by Iron-containing Compounds

Recent results provide convincing evidence that the strong flame inhibition by iron is due to a
homogeneous gas phase mechanism, which is described below. Following that, the experimental data
showing iron’s loss of effectiveness is described, along with a discussion of the parameters which most
affect the particle formation which is believed to cause the loss of effectiveness.

Gas Phase Mechanism

A detailed mechanism for the gas phase iron-catalyzed radical recombination in flames was developed by
Jensen and Jones,"* and later, expanded by Rumminger et al.'” In both, the main catalytic cycle leading
to radical recombination was postulated to be:
FeOH + H < FeO + H,
FeO + H20 < Fe(OH),
Fe(OH), + H «» FeOH + H,0
(net: H+ H < H,).

This mechanism is shown schematically in Figure 3-8.

Fe(CO)s
+H
Fe ° FeOH  Figure 3-8. Main Catalytic Radical
% Recombination Cycle of Iron
+0,+ M FeO Found to be Important for
2 © .y Methane-air Flames.
1 +0O R
FeO., Fe(OH),
| |
H-atom cycle

Although the mechanism described in Rumminger et al. also included other catalytic cycles, they were
not found to be particularly important in methane-air flames, premixed or diffusion.'” In work with
premixed CO-N,-O, flames, however, the following additional catalytic cycle was found to be much more
important than the H-atom cycle:
Fe + 02 tM FCOZ +M
FeO, + O < FeO+ 0O,
FeO+0O < Fe+0O,
(net: 0O+ 0 & 0O).
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This new O-atom cycle together with the H-atom cycle are shown in Figure 3-9. Thicker arrows
correspond to higher reaction flux. Reaction partners are listed next to each arrow.

Fe(CO)s

Fe +O FeOH Figure 3?9. R_adical '
Recombination Reaction
Pathways Found to be Important

+0,+ M \ for CO-H,-0,-N, Flames.'™®
v /
I | I I
O-atom cycle H-atom cycle

Further, more recent computations of the thermochemistry of iron compounds at flame conditions support
the possibility of many more radical recombination cycles.”' In that study, seven iron species thought to
exist at flame temperature were considered: Fe, FeH, FeO, FeOH, FeO,, FeO(OH), Fe(OH)z,104 and the
heat of reaction at 0 K, and the change in Gibbs free energy at 1500 K were calculated. Based on the
results, however, very few of the considered reactions and cycles could be eliminated based on the
thermodynamics. The complexity of the situation is illustrated in Figure 3-10, (Kellogg and Irikura'"),
which shows schematically the possible inhibition cycles of iron. (Note that in the figure there are on the
order of 50 possible cycles since [Fe] can be replaced by Fe, FeH, FeO, or FeOH.)

It is important to observe that even for iron, for which the most research has been performed, the
mechanism is in very early stages of development. For example, the rates of the most important reaction
steps in the mechanism were selected (within the uncertainty bounds suggested by Jensen and Jones'*?) so
as to provide the best agreement with experiments. The mechanism has been tested only for near
stoichiometric premixed CHy-N,-O, , CO-N,-O,, and CO-N,0O premixed flames, CH4-O,-N, counterflow
diffusion flames, and CHy-air cup burner flames. Although at low Fe additive mole fraction the
agreement was usually good, there were some conditions for which the predicted inhibition was off
significantly. These cases include lean premixed CHy-air flames (¢=0.9), CH4-O,-N, flames with an
oxygen volume fraction in the oxidizer of 0.20, and the cup burner flames with added CO, (at very low
Fe(CO)s volume fraction).
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The main ramification of the above gas phase inhibition mechanism for fire suppression is that lowering
radical concentrations lowers the overall reaction rate in the flame, weakening it. In laboratory flames,
radical concentrations typically go above equilibrium levels, to super-equilibrium levels. This is
particularly true for both premixed and high and moderate strain counterflow diffusion flames. At low
strains, however, the radical super-equilibrium is less. (See Figure 3-11.) Radical concentrations in actual
fires have not been measured. Nonetheless, recent research using cup burner flames'* (which, to some
extent, resemble small-scale fires) has shown that a stabilization region at the flame base, called the flame
kernel, resembles a near-stoichiometric low-temperature premixed flame. Hence, the gas phase catalytic
radical recombination cycles should be as important in the stabilization of fires as they are for laboratory
flames. This is partially confirmed since other gas phase catalytic agents (for example, CF;Br) are
effective in both laboratory flames and full-scale fires.
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Inhibition of Low Pressure Opposed-flow Methane-air Flames by Fe(CO)s
Introduction

For premixed and non-premixed flames, measurements of radical concentrations (O, H, OH) serve as
useful indicators of the chemical rates that are being affected, because chemical inhibiting agents act to
reduce the super-equilibrium concentration of radicals. Radical concentrations reach their maximum
concentrations in the flame reaction zone and then decay toward equilibrium values. Thus, if an inhibitor
were present, it would reduce the maximum radical concentrations toward equilibrium values and show
the amount of chemical inhibition present.'> Radical measurements are thus directly related to burning
velocity and extinction strain rate measurements.

Prior to the NGP, there had been no laboratory measurements of the change in the concentration of radical
species with increasing addition of Fe(CO)s to non-premixed flames. In fact, only limited measurements
of radical species in non-premixed flames inhibited by CF;Br existed.***"'** McNesby and co-workers'”’
examined the influence that Fe(CO)s had on the structure of a low pressure, opposed flow, CHy-air
flames. OH radical profiles were measured as the concentration of inhibitor was increased, approaching
extinguishment. Flames inhibited by N, or CF;Br were included for reference.

Apparatus

Figure 3-12 presents a schematic diagram of the experimental arrangement. The opposed flow burner
apparatus was contained within a 200 L combustion chamber. The combustion chamber was a six-armed
stainless steel cross, with the four horizontal arms being 25.4 cm in diameter and the two vertical arms
being 30.48 cm in diameter. The opposed jet ducts were mounted in the vertical arms with each head
having two axes of motion under computer control. The opposed jet duct diameters were 7.68 cm and the
active burner surface was approximately 7.6 cm in diameter. Laminar flow was established in the jet
ducts, with the initial gases impinging on a 0.32 cm thick, porous, stainless steel, sintered disk. The gases
flowed through a 2.54 cm region before passing through a second, 0.32 cm thick, porous, stainless steel,
sintered disk. The second porous disk opened to the combustion chamber. Schlieren images of the gases
showed laminar flow from both ducts. The gases and cooling water were fed to the burner ducts via
stainless tubing.

Optical access to the chamber was provided on the vertical arms of the chamber through 10.16 cm
diameter windows. There were also four additional ports in the horizontal plane, each located between
two of the window arms. These ports served as access for pressure monitoring, thermocouple
manipulation, and electrical connections. Also mounted on the top and bottom of each window arm were
vacuum ports to remove the combustion gases. These eight ports were joined to a single 5.08 cm L.D.
tube which fed the gas to a scrubber mounted on a high volume vacuum pump. The scrubbed exhaust
gases were then vented to the atmosphere. All flames were studied at a pressure of 6.6 kPa (50 torr), the
oxidizer flow consisted of 10 L/min synthetic air (79 % N, + 21 % O,, Matheson UHP Grade) flowing
from the upper duct, and the fuel flow was 10 L/min of methane (Matheson UHP Grade) flowing from the
lower duct. The gases were regulated and monitored by a gas handling manifold system constructed from
a series of flow controllers (Tylan General).
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The oxidizer and fuel ducts were separated 3.8 cm. For the flow conditions and flow duct separation, the
luminous flame zone was located on the oxidizer side of the stagnation plane, and the global strain rate
was calculated to be 50.2 sec™.”® The inhibitors were added to the oxidizer flow for delivery to the flame
zone.

Fe(CO);s is a liquid at room temperature and its introduction into the flame was accomplished by bubbling
argon (Ar) through a flask containing 25 ml of Fe(CO)s that was immersed in a constant temperature bath
maintained at 13 °C. The resulting Ar/ Fe(CO)s mixture consists of = 2 % Fe(CO)s and = 98 % Ar. The
maximum flow of Ar through the bubbler was 0.41 L/min. At this flow, the effect of Ar on the flame was
minimal. The gaseous output of the bubbler apparatus passed through a 5 L/min mass flow meter to
monitor the Ar/Fe(CO)s mixture being delivered to the oxidizer stream. The mass flow meter was
calibrated for the Ar/Fe(CO)s mixture using a standard soap bubble technique.

Diagnostics

Flame emission spectra were measured using a Princeton Instruments ICCD camera (Model 120) coupled
to a 0.75 m SPEX spectrograph (Model 1702) with a 1200 gr/mm grating controlled by an external
Compudrive. A 50 cm focal length lens collected light from the center of the flame and focused it onto
the entrance slits (0.05 mm) of the spectrograph. The determined field of view of this optical arrangement
was 1 cm?’. The ICCD camera, which had an active area of 384 x 576 pixels, was operated in a CW
manner and each image recorded was acquired with 50 total accumulations on the camera.

Laser induced fluorescence excitation spectra in the flame were measured using a Lambda Physik
excimer/dye laser system. The system consists of a Lambda Physik Compex 102 XeCl excimer laser, a
Scanmate 2 dye laser (Rhodamine 6g), and a Second Harmonic Generator (SHG). The fundamental
output of the dye laser (580 nm wavelength) was frequency doubled in the SHG unit with a BBO crystal
to around 290 nm. The UV laser radiation was tuned to the peak of the P»(8.5) transition at 286.566 nm
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((1,0) A’2"«XIT) (References 158-160). The intensity of this transition was slightly temperature
dependent,'®" varying by approximately 12 % over the range of maximum temperatures for the flames
studied here. The selected transition varied linearly with input energy. Low laser energies were used and
the laser was operated in the linear regime. The UV light output of the SHG unit was focused to the center
of the burner chamber using a 50 cm focal length fused silica lens and had a vertical and horizontal beam
waist of
0.4 mm and 0.5 mm, respectively. Fluorescence was collected at 90 ° to the direction of the excitation
laser beam, focused through 0.75 mm horizontal slits to define the collection volume, passed through a
band pass filter centered at 312 nm with an 11 nm bandwidth, and detected by a photomultiplier tube
(PMT) (Phillips Model XP2018B). Fluctuations in laser power were detected by a photodiode that
monitored laser induced fluorescence from a cell containing Rhodamine 6g dye.

The output signals from the PMT and monitor photodiode were directed to gated integrator/boxcar
averagers (SRS Model SR-250) operating in a 10 shot average mode. The boxcar gate widths were set to
3 ns. The trigger pulses to the excimer laser and boxcars were supplied by a digital delay pulse generator
(SRS Model DG535) at a rate of 10 Hz. Spatially resolved OH LIF profiles were measured by tuning the
excitation laser to the peak of the P»(8.5) transition and, with the beam location fixed, vertically
translating the burner assembly.

Results

Table 3-5 lists the inhibitor agent concentrations at extinction and the average uncertainties due to
measurement variance.

Table 3-5. Inhibitor Concentrations (uL/L) and Uncertainty (* pL/L) at Flame Extinction.

Inhibitor N, CF;Br Fe(CO)s
Extinction Concentration 9426 3735 451
Uncertainty 566 672 77

The large degree of variance was due to changes in the burner cooling. The flow of cooling water to the
burner ducts was not monitored precisely, and thus the burner performance probably changed slightly
from day-to-day operation. This deficiency was perhaps significant because the burner was operated in a
quasi-adiabatic condition, and thus heat losses from the flame to the burner ducts caused decreases in
extinction concentrations observed experimentally. Preliminary numerical calculations of extinction
concentrations for CFsBr and Fe(CO)s were 4000 uL/L and 271 puL/L, respectively.'®

The numerical calculations for both CF;Br and Fe(CO)s were performed using kinetic models.’>'**

Preliminary numerical calculations by Babushok'® using the kinetic model for Fe(CO)s inhibition of
Rumminger et al.,'® but corrected for the pressure dependence of the FeO + H,O <> Fe(OH), reaction,
demonstrated an extinction concentration of 612 pL/L.

All three inhibited flames extinguished in the flat region directly between the opposed flow fuel and
oxidizer ducts. Addition of N, or CF;Br to the 6.6 kPa CHy-air flame did not significantly alter the visual
appearance of the flat, axisymmetric, blue disk flame. Addition of Fe(CO)s to the flame caused an
orange/yellow luminous zone to appear above the blue luminous zone, similar to what was observed by
Reinelt and Linteris.'® As the Fe(CO)s inhibited flame approached extinction, the blue and the
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orange/yellow luminous zones gradually merged, and the flame assumed a uniform bright orange/yellow
color. The orange/yellow luminosity in the Fe(CO)s inhibited flame was believed to be caused by iron
oxide emission.*” The dual flame zone observation, which has been observed in previous Fe(CO)s
studies,® was further characterized using emission spectroscopy.

For the compositional analysis of the solid particles formed in the flame, particle samples were collected
and analyzed using a scanning electron microscope (SEM) and X-ray fluorescence (XRF) techniques.
Particle samples were taken from the upper cooled burner duct, where large deposits were found, and
from an uncoated, 0.2 mm diameter Pt/Pt-10 % Rh wire thermocouple inserted into the visible center of a
Fe(CO); inhibited flame. The collected particulate material appeared as a ruddy orange powder. The XRF
showed the elemental composition of the particles to be iron and oxygen. An exact ratio of iron to oxygen
was not determined, but the SEM analysis indicated that the size of the particles ranged from 1 pum to
10 um, with most being 1um to 2 um and quasi-spherical in morphology.

Emission Spectroscopy

Emission spectroscopy was used to qualitatively examine the behavior of OH for each inhibited flame as
well as the decomposition of Fe(CO)s upon introduction into the flame. For OH, images were collected at
increasing concentrations of inhibitor. Images indicated that for approximately equal inhibitor
concentrations added to the flame, the flame to which Fe(CO)s had been added demonstrated the smallest
relative OH emission intensity. These observations illustrated that addition of Fe(CO)s to the flame had
the greatest effect on the OH population. However further quantification of the results was risky because
ground state populations and temperatures calculated from OH emission in flames using a Boltzmann
distribution can be misleading. That is, nascent OH that is responsible for the chemiluminescence may not
be in thermal equilibrium with ground electronic state OH and other combustion gases.

Figure 3-13 shows a representative emission image collected in the 554 nm wavelength region from the
centerline of a flame with 10 % of the experimentally determined extinction concentration of Fe(CO)s
added to the oxidizer flow. The addition changed the molecular emission spectra to include iron species
such as FeO and FeOH as well as atomic iron lines.'® These modifications to the molecular emission
spectra altered the flame’s emission intensity, which is illustrated in Figure 3-13. The spatial mapping
indicated that some of the Fe(CO)s had decomposed prior to the luminous flame region at approximately
10.4 mm = 1 mm from the oxidizer duct with a majority of the emission in this spectral region attributed
to FeO.'® The lower continuum, at approximately 14.8 mm £ 1 mm from the oxidizer duct, was due to
the broadband luminosity of the hydrocarbon flame. Earlier emission images'® of CH emission from
similar low pressure CHy-air flames seeded with Fe(CO)s showed an additional region of emission
intensity closer to the oxidizer duct which was not observed in both uninhibited and inhibited flames
seeded with N, or CF;Br. The additional intensity was identified as iron lines not present in the
uninhibited flame.

Recognition of iron oxide particle formation invoked suggestions of heterogeneous chemistry occurring.
Work by Babushok et al.,'”” who modeled the effect of an ideal gas phase flame inhibitor using gas
kinetic rate constants for a set of radical scavenging and inhibitor-regenerating reactions, indicated
otherwise. Calculations were conducted for a premixed flame containing Fe(CO)s and a premixed flame
with the ideal gas phase flame inhibitor. The calculations showed that the burning velocities, which were
very non-linear as inhibitor concentrations increased, for both flame systems were nearly equal for the
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same inhibitor quantities. This result showed that the Fe(CO)s inhibition mechanism was dominated by

homogeneous gas phase chemistry when the inhibitor is added in small concentrations.
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Figure 3-13. Emission Image
Collected from the Centerline of
the Low Pressure, Opposed
Flow, CH;-air flame with 10 % of
the Fe(CO)s Concentration
Required to Extinguish the
Flame.

Figure 3-14 shows representative OH
LIF profiles measured in flames to
which Fe(CO)s, CF;Br, or N, had
been added.

Figure 3-14 LIF [OH] Profiles
Collected from Inhibited CH4-air
Flames Containing Nominally
Half of the Concentration
Required for Extinguishment.
N.: O; CF;3Br: A; Fe(CO)s: .

The inhibitor concentrations and percents of the concentration required for extinguishment were N,
(4721 pL/L, 50 %), CF3;Br (1996 uL/L, 53 %), and Fe(CO)s (229 pL/L, 51 %). The data had been
normalized to the peak intensity of the OH LIF profile in an uninhibited flame. The N, doped flame had
the smallest effect (Ieaving the highest intensity), followed by CF;Br and Fe(CO)s.
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The addition of an inhibitor to the flame can also change the nature of the flame’s reaction zone.

e Location: For the uninhibited flame, the location of the average OH LIF maximum from the
oxidizer duct was 14.34 mm + 0.05 mm. The addition of Fe(CO)s had a negligible effect on the
OH LIF maximum position. The addition of CF;Br or N, to the flame slightly shifted the position
of the OH LIF maximum toward the oxidizer duct to locations of 14.12 mm and 13.65 mm,
respectively. The shifts were small and were largest for the weakest inhibitor, each added at 50
% of its extinguishing concentration. Preliminary numerical calculations'® using the kinetic
model for Fe(CO)s inhibition of Rumminger et al.,'® but corrected for the pressure dependence of
the FeO + H,O <> Fe(OH), reaction, predicted the position of the OH maximum concentration at
13.0 mm from the oxidizer duct.

e  Width: Previous studies'®'” had shown that a decrease in the flame’s reaction zone width
indicated increased localized strain, which could cause local quenching or flame extinction. The
width of the flame’s reaction zone may be characterized by the width of a radical profile (Miller,
1996). For the analysis of the radical profile shape modifications, the profiles were fit to a
Gaussian function. The width of the flame zone was defined as the distance of one half of the
maximum intensity of the Gaussian OH profile, i.e., Full Width Half Maximum (FWHM). The
determined [OH] profile width for the uninhibited flame was 5.67 + 0.08 mm. Addition of N, did
not change the profile width. The addition of CF;Br or Fe(CO)s narrowed the profile width to
5.50 mm and 5.22 mm respectively. Thus, reduction of the profile widths was small and was
largest for the strongest inhibitor, the opposite of the location effect described above.

e Intensity Trend: Figure 3-15 presents normalized OH LIF peak intensities vs. inhibitor
concentrations. For normalization, the OH maximum intensity from the uninhibited flame was
used. The presented data were uncorrected for collisional quenching and temperature dependence,
and the major source for error in the peak OH LIF intensities was the laser shot-to-shot variation.
The shot-to-shot variance occurred as the laser energy was scanned over the spectral region of
interest. The shot-to-shot uncertainty averaged = 1.5 % which contributed to the overall
measurement uncertainty of 4 %.

Flames inhibited by Fe(CO)s and CF;Br demonstrated decreases in OH populations that were
quasiproportional to the inhibitor concentrations. Flames inhibited by N, demonstrated non-linear
behavior, with initially small changes in [OH] and more rapid decreases as extinction was approached.
The final measurable [OH] data points, which were near each flame’s extinction point concentration, were
approximately the same for all three inhibitors: 0.73 to 0.67. Thus, there was an approximately 30 %
decrease in the normalized OH intensity at extinction for each inhibitor. The same model used to calculate
the peak OH location gave a normalized OH maximum concentration at extinction of 0.73 for Fe(CO)s.
The ratio of each inhibitors’ concentration relative to CF;Br near extinction was N,:CF;Br:Fe(CO)s =
2.5:1:0.11, indicating that the Fe(CO)s flame inhibition effectiveness was approximately a factor of 10
greater than CF;Br. These results were similar to Reinelt and Linteris'” who observed that 500 pL/L of
Fe(CO)s added to the air stream of an atmospheric pressure, CHy/-air, counterflow flame reduced the
strain by = 30 %, while addition of 5000 pL/L of CF;Br reduced the strain about 20 %.
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[OH] measurements ™ in non-premixed atmospheric pressure hydrocarbon flames have also shown

decreasing OH concentrations with increasing CF;Br concentrations.”’ The observed quasimonotonic
decrease of [OH] in the current flames with increasing of CF;Br and Fe(CO)s concentrations was similar
to decreases of chain carrier concentrations in the reaction zone of simulated premixed C1-C2 flames with
CF;Br, CF;l, CF4, CyFq, and C,FsH additives.”” Uncorrected OH absorption profile measurements by
Bonne and co-workers® showed a slight decrease in the integrated OH concentrations, i.e., area under
curves, with increasing Fe(CO)s concentrations for a low pressure (8 kPa), premixed, stoichiometric
methane/air flame.

The saturation effect (leveling), which was observed for burning velocities in atmospheric pressure,
premixed methane flames seeded with Fe(CO)s,'”'**!'™ was not observed in this work. Two types of
saturation have been discussed in the literature: (1) saturation of chemical influence®, and (2) saturation
due to condensation processes.'”® Both result in a decrease in inhibitor efficiency with increased inhibitor
concentration, but the latter was believed to dominate for Fe(CO)s inhibited flames.

The current low pressure, non-premixed flame results show some similarities to the premixed CH4-O,
flame of Bonne et al.*’ at pressures from 101 kPa to 10 kPa. At 101 kPa , addition of 0.03 % Fe(CO)s to
the Bonne flame decreased the burning velocity = 7.5 %, while at 50 kPa, addition of 0.03 % Fe(CO)s
decreased the burning velocity = 6 %. In premixed CHy-air flames, addition of 0.01 % Fe(CO)s at 101 kPa
caused the burning velocity to decrease 24 % while at 50 kPa the decrease in burning velocity was only
8 % to 9 %. Obviously, Fe(CO)s had a more pronounced effect in the CHy-air flames, but for both
systems the decreases in burning velocities were observed to be linear at all pressure conditions and the
inhibitor influence of Fe(CO)s diminished with decreasing pressure.
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Conclusions

The first LIF measurements of [OH] in the reaction zone of inhibited low pressure, opposed flow flames
approaching extinction showed:

o There was a two-zone (blue and orange) luminous flame structure for a Fe(CO)s inhibited flame.
e [OH] levels decreased with increasing Fe(CO)s and CF;Br concentrations added to the flames.
o Fe(CO)s was about 10 times as effective a suppressant as CF;Br.

e Addition of both chemically active and physically active inhibitors had relatively small effects on
the locations of the OH maximum intensities and on the width of the [OH] distribution in the
flame front. The weakest inhibitor had the largest effect.

e The addition of Fe(CO)s and CF;Br slightly narrows the width of the flame reaction zone. The
strongest inhibitor had the largest effect.

o Close to extinguishment, flames inhibited with both physically active and chemically active
agents showed a 30 % reduction in peak OH concentration.

Iron’s Loss of Effectiveness through Particle Formation

If the gas phase inhibition mechanism of iron were the only consideration, it should be a very effective
agent for extinguishing fires. However, NGP research with premixed flames'®* and counterflow diffusion
flames'® indicated that particle formation would limit the effectiveness of iron to those situations in
which it was added at high concentration. Subsequent work showed that iron pentacarbonyl at low
concentrations was much less effective in cup burner flames than was expected based on the results in
premixed or counterflow diffusion flames.'>

The effectiveness of iron as a flame inhibitor declines as the mole fraction at which it is added is
increased. This lower effectiveness had been mentioned briefly by Jost and co-workers,*® who surmised
that a particle inhibition mechanism may be at work at high concentration. They also said that work was
underway to understand the role of particle formation; however, subsequent papers did not appear. Many
other flame inhibitors also showed lower effectiveness as their concentration increased.'”” However, the
loss of effectiveness of iron is much more dramatic. Reinelt and Linteris'® quantified the loss of
effectiveness of iron for premixed and diffusion flames. Rumminger et al.'” described a gas phase
kinetic mechanism for iron inhibition, and showed that the loss of effectiveness was not predicted by a
gas phase mechanism (ruling out low radical concentration as the reason for the loss of effectiveness).
Linteris et al.'”” have recently described the performance of iron, tin, and manganese in cup burner
flames. The loss of effectiveness of iron in each of these flame systems is described below.

Based on the encouraging results for the powerful flame inhibition properties of iron compounds,
extinction experiments of ferrocene together with an inert compound generated by a solid propellant gas
generator (SPGG) were conducted in an enclosure containing a spray flame.'”® The combination did not
have the expected high efficiency. Although it was not possible to extract fundamental information
concerning the lack of effectiveness for their flame configuration, the results of Holland and co-workers
provided evidence for a loss of effectiveness for iron, and motivated a search for an explanation.
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Premixed Flames

For premixed flames, Figure 3-16 shows that the gas phase mechanism predicts a continuing decrease in
the normalized burning velocity (SL/SL, uninnivieea) @8 [Fe(CO)s] increases, whereas the experiments show a
leveling off. (Uncertainties in any experimental data cited throughout this chapter are discussed in the
source publication.)

Normalized Burning Velocity

0.0

0 100 200 300 400 500

Fe(CO)s Volume Fraction (uL/L)

Figure 3-16. Calculated and Measured Normalized Burning Velocity of Premixed
CH,/O,/N, Flames with Xo,,.x = 0.20, 0.21, and 0.24 for ¢ = 1.0."*

Subsequent measurements of particles in the premixed flames showed that the loss of effectiveness of the
iron was correlated with formation of particles (as illustrated in Figure 3-17 and Figure 3-18), and the
scattering from the particles was correlated with the residence time in the flame (necessary for
condensation to occur), as shown in Figure 3-19. In addition to measuring the particles with
thermophoretic sampling and quantifying their size and agglomeration characteristics with transmission
electron microscopy, they also calculated the maximum effect that the particles could have on the burning
velocity. Constructing a “perfect heterogeneous inhibitor” model (in which any collision of a radical with
a particle recombines the radical to a stable species), they showed that heterogeneous reactions cannot
account for the measured flame speed reduction of Fe(CO)s.
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Figure 3-20 shows the experimental data for normalized flame speed reduction by Fe(CO)s along with the
prediction for the perfect gas phase inhibitor and perfect heterogeneous inhibitor (for different assumed
particle diameter sizes). As shown, the perfect gas phase inhibitor mechanism shows burning velocity
reductions fairly close to that of Fe(CO)s; whereas, the perfect heterogeneous mechanism does not show
enough inhibition, about a factor of eight too low, even for perfect collisions with 10 nm particles.
Interestingly, the slope of the Fe(CO)s curve in Figure 3-20 in the “flattening out” region is of the same
order as that of the perfect 10 nm diameter particles. Hence, Jost et al.’s™ postulate that the region of
lower effectiveness may be due to radical recombination on particles surfaces may be true. Note also that
the slope in the flat region is of the same order as that for CF;Br in these premixed flames.
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Counterflow Diffusion Flames

Similar experimental and modeling results were described for counterflow diffusion flames. As shown in
Figure 3-21, the gas phase model predicts more inhibition at higher [Fe(CO)s] than do the experiments.
Measured particle scattering signals again showed that the loss of effectiveness (and discrepancy between
the measured and gas phase predicted inhibition) increased as particle scattering signal increased; i.e.,
particle formation was correlated with loss of effectiveness of the Fe(CO)s (Figure 3-22). It is important
to note that in the counterflow diffusion flames, the propensity to form condensed-phase iron particles in
the flame region was not the only mechanism shown to be correlated with loss of effectiveness of iron. If
particles formed in one part of the flame, but were unable (due to entrainment or thermophoresis) to be
transported to the reaction zone, the active iron species could be sequestered from the region in which
they must be present to inhibit the flame. By adding the Fe(CO)s to either the fuel or air stream, and
changing the flame location relative to the stagnation plane (by diluting the fuel or oxidizer with N,),
Rumminger et al. clearly showed the effect of drag and thermophoretic forces on reducing particle (and
hence iron) transport to the region of radical chain branching.

1.2
1 P Eﬁ Eﬁ EE } Fe(CO)s in fuel
RN * o 7 —— Perfect in fuel
0.8 . . .

Normalized acy¢

0.6 + Fe(CO)s
in oxidizer
0.4 +
Perfect
0.2 + . .
in oxidizer
O | | | |
0 100 200 300 400 500

Inhibitor Mole Fraction (ppm)

Figure 3-21. Normalized Extinction Strain Rate for Counterflow Diffusion Flames. Closed

symbols: measurements with the Fe(CO)s in the oxidizer; open symbols: measurements

with Fe(CO);s in the fuel; solid lines: calculations with Fe(CO)s; dashed lines: calculation
with perfect inhibitor.'®
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Cup Burner Flames

Linteris et al. tested Fe(CO)s, TMT, and MMT in cup burner flames.****'** Based on the loss of
effectiveness at higher Fe(CO)s concentrations that was demonstrated in premixed and diffusion flames, it
was not expected that iron pentacarbonyl alone would be effective in cup burner flames. However,
several publications had suggested that a combination of a good catalytic agent and an inert agent would
prove to be effective.'*!"®17>17178 The premise was that the overall reaction rate would be lowered in
part through radical recombination by the catalytic agent, and in part through the lower temperature
caused by the added diluent. To test these suggestions, Linteris et al. added Fe(CO)s, MMT, or TMT to a
cup burner of methane and air, and measured the amount of CO, required for extinction.'”® This approach
is conceptually the same as the classic oxygen index test used for assessing material flammability."*> In
that test, the oxygen volume fraction in the air stream at blowoff (i.e., the oxygen index) is determined for
solid, liquid, or gaseous fuels with chemical additives in either the fuel or oxidizer.

Unfortunately, the effectiveness of CO, combined with any of the metal agents was much less than
anticipated. Figure 3-23 shows the measured CO, volume fraction required for extinction as a function of
the catalytic agent volume fraction in the air stream. Data are presented for Br,, CF;Br, Fe(CO)s, MMT,
and TMT. As shown, although the metals are still more effective than CF;Br at low concentration, they
are not nearly as effective as expected from the results in premixed and counterflow diffusion flames.
The reasons for this loss of effectiveness are described below.
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Figure 3-23. Volume Fraction of CO, Required for Extinction (Xco,ext) of Methane-air Cup
Burner Flames as a Function of the Volume Fraction of Catalytic Inhibitor Added to the
Air Stream. Inset shows region in dotted box with expanded scales.'*

In order to understand the lower effectiveness of metals in cup burner flames compared to premixed and
counterflow diffusion flames, several steps were taken. First, particle measurements were made in cup
burner flames inhibited by Fe(CO)s. Shown in Figure 3-24 are scattering cross sections for laser light at
488 nm as a function of radial position and height above the burner in a methane-air cup burner flame
with 8 % CO, and Fe(CO);s in air at four volume fractions.'” The dotted lines show flame location from a
digitized video image of the uninhibited flame. The figures indicated that particles were present both
inside and outside (but not coincident with) the luminous flame zone, and that higher Fe(CO)s loadings
produced higher particle scattering signals.
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Figure 3-24. Particle Light Scattering as a Function of Radial Position and Height above
Cup Burner for Four Loadings of Fe(CO)s. '>* Top left: 100 pL/L, top right: 200 pL/L,
bottom left: 325 puL/L, bottom right: 450 pL/L.

In order to understand the particle formation and chemical inhibition, numerical modeling of the cup
burner flames inhibited by Fe(CO)s were performed,'” using the gas phase only numerical model
developed previously. This model has predicted the blow-off condition of methane and air cup burner
flames with added CO, "** and CF;H.!”” The temperature field and the velocity vectors for methane-air
cup burner flames with 10 % CO,, and 0 uL/L and 100 puL/L of Fe(CO)s are shown in Figure 3-25, while
Figure 3-26 shows the calculated blow-off behavior.
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Figure 3-25. Calculated
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Figure 3-26. Map of Calculated Temperatures
in Cup Burner Methane-air Flames with 10 %
CO; in the Oxidizer Stream and (a) 0.011 and
(b) 0.012 Fe(CO)s Volume Fraction in the Air
Stream, lllustrating the Blowoff
Phenomenon.'?
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As in other flame configurations, the loss of effectiveness of iron and a discrepancy between predicted
(gas phase model) and measured effectiveness were both correlated with the formation of particles, as
shown in Figure 3-27.

Methane-Air Cup Burner
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To understand the propensity for particle formation, the degree of supersaturation of some of the iron-
containing intermediates was calculated through the flame, using the detailed flame structure obtained
from the model, together with vapor pressure data available from the literature. For a height above the
cup burner which passes through the flame kernel (i.e., the stabilization region), Figure 3-28 shows the
radial profile of temperature and volume fractions of iron species and radicals, as well as the
supersaturation ratio (which is the ratio of the calculated species partial pressure to the planar vapor
pressure at the local conditions). The supersaturation ratio is highest for FeO, followed by Fe and
Fe(OH),, and the values decrease as the radial location of peak temperature is approached. Note that
vapor pressure data for FeOH, FEOOH, and FeO, are not available, so their condensation potential has
not been assessed. The condensation potential is strong since the temperature of the flame kernel is much
lower than the relevant regions of premixed or counterflow diffusion flames.

Finally, the numerical model was extended to include calculation of the particle trajectory for inert
particles added to the flame, including the effects of gravity, drag, and thermophoretic forces. This was
done since early estimates'®® were that thermophoresis may have been driving the particles away from the
flame region. The results of the calculations (Figure 3-29) show that near the flame base, there was some
deviation of the particles both up and down around the reaction kernel; however, examination of the
estimated radial and axial thermophoretic velocities shows them to have been much less than the gas
velocity. Consequently, the particles still passed directly into the reaction kernel, so the effect of
thermophoresis near this region is expected to be minor. Nonetheless, the other results described above
provided evidence that the loss of effectiveness was due to particle formation.
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Figure 3-28. (a) Calculated Volume Fractions, Xi, of Iron-containing and Other Major
Species as a Function of Radial Position at 4.8 mm above the burner (corresponding to
the location of the reaction kernel in the flame base); and (b) the Supersaturation Ratio,

Si, for Fe, FeO, and Fe(OH),.">*
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A review of the results from previous work with particle formation in premixed, counterflow diffusion,
and cup burner flames inhibited by Fe(CO)s outlined the importance of the following physical effects
with respect to effective chemical inhibition:

e (Gas phase transport of the active iron-containing species to the region of high H-atom
concentration is necessary for efficient inhibition.

e Particle formation near the location of peak [H] can act as a sink for the iron-containing
intermediate species and reduce the catalytic effect.

e The volume fraction of inhibitor influences condensation, since at low values, it may be below its
saturation value.

e The available residence time affects particle growth.

e If the particles are small enough, they can re-evaporate upon passing into the high temperature
region of the flame.

e Thermophoretic forces can be large in the flame and re-distribute particles away from peak [H].
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e Convection and drag forces combined with the existing flow field in the flame can prevent
particles from reaching the region of peak [H].

o The flame temperature of the stabilization region of cup burner flames is much lower than in
premixed or counterflow diffusion flames, exacerbating the condensation potential.

In order to assess the condensation potential of other flame inhibiting metals, it is necessary to know their
concentrations in the flame, as well as their local vapor pressure. The availability of these data for the
metals listed in Table 3-4 is discussed below.

3.34 Flame Inhibition by Tin and Manganese

Introduction

Faced with the finding that the highly effective flame inhibitor iron pentacarbonyl loses its effectiveness
due to condensation of the active species to particles, it became important for the NGP to determine if
other metal-containing compounds caused similar strong flame inhibition while not suffering from the
loss of effectiveness. Since there had been evidence that manganese- and tin-containing compounds were
of high flame inhibition efficiency and since these compounds typically have higher vapor pressures than
the corresponding iron compounds, these two families became a subject of NGP research.

Tin compounds are used as fire retardant additives for polymers, and as agents to reduce smoke and CO
formation.'”””"®  The mechanism of flame inhibition has been attributed to both the promotion of
condensed phase char and gas phase flame inhibition."®""** Lask and Wagner** found SnCl, to be about
1/34 as effective as Fe(CO)s at reducing the burning velocity of premixed n-hexane—air flames by 30 %,
and Miller et al.'"* found it to be about 2/3 as effective as Fe(CO)s at reducing the flame speed of
hydrogen-air flames by 80 %. Miller'"> measured the amount of inhibitor required to lift-off a premixed
CH4/O,/N, flat flame at low pressure, and found that tetramethyltin (Sn(CH3),, TMT) and SnCly required
a mole fraction of 1.7 % and 1.1 %, respectively; whereas Fe(CO)s and Br, required 0.23 % and 2.3 %,
respectively. Morrison and Scheller'"' investigated the effect of 20 flame inhibitors on the ignition of
hydrocarbon mixtures by hot wires, and found that SnCly; was the most effective inhibitor tested for
increasing the ignition temperature; whereas the powerful flame inhibitors CrO,Cl, and Fe(CO)s had no
effect on the ignition temperature. As a result of these studies, SnCl; was recommended as a compound
deserving further study.'®

The effects of manganese compounds on flames had also been studied. ~ Vanpee and Shirodkar’
investigated the influence of many metal chlorides and metal acetates and acetylacetonates on the
limiting oxygen index at extinction in a partially premixed counterflow pool burner of ethanol and air. In
their experiments, the inhibitor was dissolved in ethanol, which was aspirated into the air stream. They
found manganese acetylacetonate to be more effective than acetylacetonates of iron or chromium.
Westblom et al.'*® analyzed the consequence of trace amounts of methylcyclopentadienylmanganese
tricarbonyl (CH;CsHsMn(CO);, MMT) on the flame structure of a premixed propane-air flame at
5.33 kPa, but found no measurable effect. They suggested a kinetic model for the influence of MMT on
those flames."” In a review article, Howard and Kausch'?’ reported that manganese-containing
compounds were among the most effective soot-reducing fuel additives. Finally, MMT is a known
antiknock agent for gasoline,'™ and an NGP panel® suggested manganese compounds as agents for
further consideration in studies of fire suppression performance.
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This section presents NGP data on flame inhition by manganese- and tin-containing compounds. The
additive influence was analyzed through the effects on the laminar burning velocity of methane-air
mixtures for different equivalence ratios and oxygen mole fractions. The kinetic mechanisms of flame
inhibition were analyzed by comparing simulation results with experimental data. The relative inhibition
efficiencies of TMT, MMT, Fe(CO)s, and CF;Br were deduced and analyzed. While the manganese and
tin compounds tested are too toxic to be used directly as fire suppressants, they provide convenient means
for introducing Mn and Sn to a flame, so that the inhibition mechanisms of these elements can be studied.

Experimental Apparatus

Premixed flames were used for the first tests of new metallic inhibitors. The premixed burning velocity is
a fundamental parameter describing the overall reaction rate, heat release, and heat and mass transport in
the flame. Furthermore, the inhibitor reaches the reaction zone by convection, so that the amount which
enters is unambiguous. The experiments are rapid and relatively straightforward, allowing tests over a
wide range of conditions. The flames are easily modeled with existing numerical codes, so that detailed
information on the mechanism of chemical inhibition can be determined. There is also a very large data
base on the effectiveness of other chemical and inert inhibitors in premixed flames for comparison.

The laminar flame speed Sy in a premixed flame provides a measure of an agent’s reduction of the global
reaction rate. While good techniques exist which allow measurement of burning velocity under
conditions of controlled stretch rates,'® they require seeding with particles for determination of the local
gas velocity. Since the presence of particles would influence the condensation rates of metallic species,
these tests instead employed the total area method with a Bunsen-type flame."” The experimental
arrangement, described in detail elsewhere,’ 102106118164 o modified to accommodate new evaporators
for TMT and MMT. A Mache-Hebra nozzle burner (1.0 cm + 0.05 cm diameter) produced a premixed
Bunsen-type flame about 1.3 cm tall with a straight-sided schlieren image that was captured by a video
frame-grabber board in a PC. Digital mass flow controllers held the oxygen mole fraction in the oxidizer
stream Xop,,, , the equivalence ratio ¢, and the flame height constant while maintaining the inlet mole
fraction of the inhibitor (X,) at the desired value. The average burning velocity was determined from the
reactant flows and the schlieren image using the total area method. The fuel gas was methane (Matheson
UHP, 99.9 %), and the oxidizer stream consisted of nitrogen (boil-off from liquid N,) and oxygen (MG
Industries, H,O less than 50 puL/L, and total hydrocarbons less than 5 puL/L). The inhibitors used were
Fe(CO)s (Aldrich), TMT (Alfa Aesar), MMT (Alfa Aesar), CF;Br (Great Lakes), N, (boil-off), and CO,
(Airgas). The catalytic agents were liquids at laboratory conditions. Since they were required in low mole
fraction, they were added to the flame in gaseous form rather than as droplets. The Fe(CO); was added to
the carrier gas using a two-stage saturator in an ice bath.""® Nitrogen was the carrier gas for all agents.
The TMT was added using an identical two-stage saturator, with a volume of liquid TMT in each stage
greater than 50 cm’ for all tests. The ice bath was maintained at (0 + 0.2) °C with a maximum carrier gas
flow 0.40 L/min. Because of the toxicity of the agents, the Fe(CO)s and TMT saturators, as well as the
premixed flame burner, were located in fume hoods. For the MMT, the saturator had three stages, each
20 cm long, 2.36 cm L.D. stainless steel tube, and the entire apparatus was submerged in a controlled
temperature bath (Neslab), and vented. The bath temperature was typically (79.2 + 0.1) °C, and the
carrier gas flow for this saturator was always <0.5 L/min. The mole fraction of the organometallic
inhibitors in the air stream was calculated based on the measured air flow, measured carrier gas flow, and
vapor pressure of the agent at the bath temperature, assuming saturated carrier gas. The parameters in the
Antoine equation, log,,(P)=A-B/(T+C) (T in °C, P in bar), were (A,B,C): (6.77273, 4.0932, 7.2283),
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(1258.22, 1286.16, 1882), and (211.587, 235.846, 200) for Fe(CO)s, '™ TMT, " and MMT, '
respectively. Since the vapor pressure of MMT is much lower than that of the other agents, experiments
with MMT were conducted at a slightly elevated temperature, with the transfer lines and inlet gases
maintained at (80 = 3) °C and the burner tube maintained at (80 = 1) °C. For the experiments with TMT
and Fe(CO)s, the inlet gas temperature T;, was (294.2 £ 1) K. Although the absolute value of the burning
velocity is quite sensitive to the inlet temperature, comparisons of agent performance across this range of
differing gas inlet temperatures is valid, since the reduction in the normalized burning velocity with agent
addition was relatively insensitive in Ty,. For example, calculations for inhibition by TMT (discussed
below), and calculations and experiments with CO, (unpublished data of Reference 106) showed that
changing the inlet gas temperature from 294 K to 353 K provided nearly identical curves of normalized
burning velocity versus inhibitor mole fraction, differing from each other by less than 2 % for the two
inlet temperatures.

Tests were performed for ranges of equivalence ratio and oxygen mole fraction in the oxidizer stream
XOZ,ox- The agent mole fraction was calculated relative to the total reactant flow. The test conditions are
listed in Table 3-6. The inhibitor for which each of the test conditions was used is included for reference;
the values in the table are for uninhibited flames only. Note that while the inlet temperature for the
Fe(CO)s and TMT experiments was 294 K, the experimental and numerically calculated burning
velocities in the table have been converted to equivalent values at 298 K to facilitate comparison with
other values available in the literature.

Table 3-6. Uninhibited Laminar Burning Velocities S, and Adiabatic Flame Temperatures
Tarr from 1-D Planar Numerical Calculations, Together with the Average Burning Velocity

Measured in the Bunsen-type Flames.
Tin Tarr SL,calc- SL,exp
Inhibitor(s) (0} X0, 0x K K cm/s cm/s
0.9 0.21 298 2159 353 339+1.3
1.0 “ “ 2235 39.6 38.0+2.3
1.1 “ «“ 2193 39.8 380+ 1.5
TMT
1.0 0.20 “ 2185 34.7 336+ 1.4
« 0.244 « 2377 57.0 580+3.4
0.9 0.21 353 2177 48.0 472+1.5
1.0 “ “ 2264 53.2 529+29
1.1 “ “ 2251 53.6 52.8+2.0
MMT
1.0 0.19 “ 2167 41.3 399+1.6
« 0.2 “ 2220 47.4 455+1.7
«“ 0.244 “ 2396 74.3 74.7+4.1
MMT and Fe(CO)s 1.0 0.244 353 2396 74.3 759149




Metal-containing Compounds 181

The burning velocity in Bunsen-type flames is known to vary at the tip and base of the flame; however,
these effects are most important over a small portion of the flame. Several steps were taken to minimize
the influence of curvature and stretch on interpretation of the action of the chemical inhibitor.

e Use of the schlieren image for the flame area, which was maintained at a constant size (1.3 cm
tall) for all tests.

e Normalization of the burning velocity of inhibited flames, i.e., the burning velocity of the
inhibited flame divided by the burning velocity of the uninhibited flame, in order to reduce the
error caused by flame curvature and stretch.

e Limiting interpretation of the data to inhibitor loading which produced less than 40 % reduction
in flame speed.

Determination of the uncertainties in the experimental data using the present apparatus has been described
in detail elsewhere.'" For the present data, the uncertainty (expanded uncertainties with a coverage factor
of 2) in the normalized burning velocity were less than + 5 % for all cases. The uncertainty in the
equivalence ratio was 1.4 %. Neglecting the uncertainties (unspecified) in the vapor pressure correlation
for Fe(CO)s, TMT, and MMT, uncertainties in the bath temperature, ambient pressure and carrier gas
flow rate yielded an inhibitor mole fraction uncertainty of 6.5 %.

Kinetic Mechanisms and Numerical Modeling

There are few data on the chemical kinetics of tin compounds at flame temperatures, although kinetics
studies of tin have been conducted for chemical vapor deposition. Studies with H,-O,-N, flames by
Bulewicz and Padley""' indicated that tin was present as Sn, SnO, and SnOH, with SnO overwhelmingly
predominant. Recent spectroscopic data also indicated that tin was present in flames as Sn, SnO, and
SnOH,"** with SnO accounting for approximately 97 % by volume of all tin species.

The present kinetic model for flame inhibition by tin compounds contains reactions of the species Sn,
SnO,, SnO, SnH and SnOH. The reaction set was based on the consideration of possible reactions of tin-
containing species with the radical pool and with the main species of methane combustion. The
mechanism, listed in Table 3-7, consists of 37 reactions of tin-containing species. Rate constants were
obtained from the literature when available, or otherwise estimated using empirical procedures and
analogies with similar reactions. The reverse rates of the reactions in Table 3-7 were calculated from the
forward rate and the equilibrium constant. It was assumed that tin (and manganese) species are non-
reactive with hydrocarbon molecules. In the model development, estimates of rate constants were first
made, and then the rates of the most important reactions were adjusted (based on sensitivity analysis) to
provide agreement with the experimental results. The decomposition of TMT was described by the
overall step listed in Table 3-7, but using the rate constant for the reaction Sn(CH;); — Sn(CHj); +
CH;.'” Enthalpies of formation for the tin-containing (and manganese-containing) species are presented
in Table 3-8. Enthalpies of formation for SnOH and SnH were estimated based on bond energies from
References 191 and 194.
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Table 3-7. Reaction Rate Data for Tin Inhibition of Premixed Methane-air Flames.
(k = A T° exp(-E/RT), mole, s, cm, kJ)

No. Reaction A b E Reference
1 SnC4H,, => Sn+C,H+C,Hg 7.94E+13 0.0 230. 193
2 Sn+H+M = SnH+M 1.00E+15 0.0 0.0 a
3 Sn+OH+M = SnOH+M 5.36E+18 -0.45 0.0 *
4 Sn+OH = SnO+H 1.00E+13 0.0 27.2 a
5 Sn+O+M = SnO+M 1.00E+17 0.0 0.0 a
6 Sn+0, = SnO+0 3.07E11 0.79 3.63 195
7 Sn+0, (+M) = SnO, (+M) 2.00E+13 0.0 0.0 a

Low pressure limit: 1.5E+18 0.0 16.7

Sn+HCO = SnH+CO 3.00E+13 0.0 0.0 a

Sn+CH30 = SnO+CH3; 2.00E+13 0.0 0.0 a
10 Sn+CO, = SnO+CO 1.39E+14 0.0 75.6 195
11 Sn+HO, = SnO+OH 1.00E+13 0.0 0.0 a
12 SnO+H+M = SnOH+M 5.50E+17 0.0 0.0 a
13 SnO+0O+M = SnO,+M 1.00E+20 -1.0 0.0 a
14 SnO+HCO = SnOH+CO 9.30E+13 0.0 0.0 a
15 SnO+HO, = SnOH+O, 3.00E+13 0.0 29.3 a
16 SnO,+H = SnO+OH 1.00E+14 0.0 8.37 a
17 SnO,+0OH = SnOH+O, 3.00E+12 0.0 31.4 a
18 SnO,+0OH = SnO+HO, 3.00E+12 0.0 46.0 a
19 Sn0,+0 = SnO+0, 3.00E+13 0.0 8.37 a
20 SnO,+CH3 = SnO+CH;0 3.00E+12 0.0 18.8 a
21 SnO,+CO = SnO+CO, 2.00E+12 0.0 20.9 a
22 SnOH+H = Sn+H,0O 1.20E+12 0.0 12.6 a
23 SnOH+H = SnO+H, 7.10E+13 0.0 4.18 a
24 SnOH+OH = SnO+H,0 6.30E+13 0.0 0.0 a
25 SnOH+0O = SnO+OH 3.00E+13 0.0 0.0 a
26 SnOH+O = SnO,+H 5.00E+12 0.0 37.7 a
27 SnOH+CHj; = SnO+CH, 2.00E+13 0.0 4.18 a
28 SnH+H = Sn+H, 5.00E+13 0.0 4.18 a
29 SnH+OH = Sn+H,0 3.00E+13 0.0 0.0 a
30 SnH+OH = SnOH+H 5.00E+12 0.0 20.9 a
31 SnH+O+M = SnOH+M 1.00E+15 0.0 0.0 a
32 SnH+O = Sn+OH 5.00E+13 0.0 4.18 a
33 SnH+O = SnO+H 8.00E+12 0.0 4.18 a
34 SnH+CH; = CH4+Sn 5.00E+13 0.0 4.18 a
35 SnH+HCO = Sn+CH,0 2.00E+12 0.0 18.8 a
36 SnH+0O, = SnO+OH 3.00E+12 0.0 29.3 a

a Estimates

* By analogy with reactions of K species in Reference 196
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Table 3-8. Thermodynamic Properties of Tin- and Manganese-containing Species (298 K).

Enthalpy of
Formation Entropy Heat Capacity
Species kJ/mol J/(mol K) J/(mol K) Reference

Mn 283.6 173.6 20.8 197
MnO 161.7 236.0 31.7 197
MnO, 23.01 269.3 42.2 197
MnOH 17.32 250.3 45.8 197
Mn(OH), -373.2 291.2 67.1 e, 198
MnOOH -116.3 283.3 53.9 e, 198
MnH 197.9 213.6 29.6 197
MMT -439.3 401.7 149.9 198
Sn 301.2 168.4 21.3 197
SnO 21.91 232.1 31.8 197
SnO, 11.69 251.5 49.5 197
SnOH -15.06 244.8 46.0 e, 191
SnH 268.2 214.7 29.7 e, 194
Sn(CH3)4 -17.70 361.2 137.8 199,178
Sn, 425.4 267.2 42.1 197

a Estimates

The kinetic mechanism for studying the influence of manganese additives in premixed methane-air flames
is presented in Table 3-9. The list of possible Mn-containing species participating in inhibition reactions
includes Mn, MnH, MnO, MnOOH, MnHOH, MnOH, MnO, MnO, and Mn(OH),. All species except
MnH and MnHOH were considered in the mechanism of Smith.'”® The role of MnOH and MnO in
radical recombination was discussed by Bulewicz and Padley''®, and the species MnO and Mn were
recently measured in a low pressure propane flame doped by MMT.'** Hildenbrand and Lau®” used mass
spectrometry to identify the species MnO,, MnOH, and Mn(OH),. MnH was included in the current
model since equilibrium calculations showed it to be present in significant quantities in MMT-inhibited
flames.

The manganese inhibition reaction set was reduced from an initial list of approximately 160 reactions to
61 reactions based on thermochemical considerations and preliminary calculations. The decomposition of
MMT followed the overall description suggested in References 148 and 198, and used their rate constants
for the Mn-species reactions whenever possible. Rate constants for the remaining reactions were
estimated by analogy and based on thermochemical estimates. The main assumptions were the formation
of MnO, through the reaction of Mn atom with oxygen molecule and the formation of Mn(OH), via
reaction of MnO with water (both by analogy to reactions of iron-containing species'™*).

The transport parameters of tin- and manganese-containing species were estimated through analogy with
similar metallic species, or based on molecular weight correlations for similar species.
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Kinetic models for highly effective flame inhibitors can be considered to consist of two sub-models. The
first sub-model includes reactions for the agent decomposition and formation of the active inhibiting
species, and the second includes the inhibition reactions. In previous work, it was shown that for the
phosphorus-containing compound DMMP and for ferrocene, the decomposition reactions have a small
influence on the predicted inhibitor efficiency as long as the overall activation energy of decomposition is
less than 250 kJ/mol to 335 kJ/mol.'"*?"" In the present work, this was also found to be true for TMT and
MMT decomposition.

Table 3-9. Reaction Rate Data for Manganese Inhibition of Premixed Methane-air Flames.
(k = A T° exp(-E/RT), mole, cm, s, kJ)

No. Reaction A b E Reference
1 Mn+H+M = MnH+M 1.00E+15 0.0 0.0 a
2 Mn+OH+M = MnOH+M 8.00E+22 22 0.0 198
3 Mn+O+M = MnO+M 1.00E+15 0.0 0.0 a
4 Mn+0, = MnO+0O 2.50E+14 0.0 125.5 198
5 Mn+0, (+M) = MnO, (+M) 2.00E+13 0.0 0.0 a

Low pressure limit: 1.50E+18 0.0 12.6

6 Mn+HCO = MnH+CO 3.00E+13 0.0 0.0 a

7 MnO+H+M = MnOH+M 7.00E+15 0.0 0.0 198

8 MnO+O+M = MnO,+M 2.00E+19 -1.0 0.0 198

9 MnO+H = Mn+OH 1.00E+14 0.0 16.7 a
10 MnO+OH+M = MnOOH+M 3.00E+17 0.0 0.0 a
11 MnO+CH; = Mn+CH;0 1.00E+14 0.0 29.3 a
12 MnO+H, = Mn+H,0 3.00E+12 0.0 20.9 202
13 MnO+H,0 = MnO,H, 5.40E+12 0.0 0.0 202
14 MnO+CO = Mn+CO, 3.00E+11 0.0 0.0 198
15 MnO-+HCO = MnOH+CO 2.40E+13 0.0 0.0 198
16 MnO+CH,0H = MnOH+CH,0 2.40E+13 0.0 0.0 198
17, MnO,+H+M = MnOOH+M 2.00E+22 -1.5 0.0 198
18 MnO,+H = MnO+OH 1.00E+14 0.0 29.3 a
19 MnO,+OH = MnOH+0, 3.00E+12 0.0 29.3 a
20| MnO,+0 = MnO+0, 5.00E+13 0.0 8.37 a
21 MnO,+CO = MnO+CO, 2.00E+12 0.0 20.9 a
22 MnOH+H = Mn+H,0 1.20E+12 0.0 2.09 198
23 MnOH+H = MnO+H, 3.00E+13 0.0 4.18 a
24 MnOH+OH+M = MnO,H,+M 1.00E+23 2.0 0.0 198
25 MnOH+OH = MnO+H,0 1.00E+13 0.0 6.28 198
26 MnOH+0+M = MnOOH+M 1.00E+18 0.0 0.0 a
27 MnOH+0 = Mn+HO, 3.00E+13 0.0 71.1 a
28 MnOH+O = MnO+OH 3.00E+13 0.0 0.0 198
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No. Reaction A b E Reference
29 MnOH+O = MnO,+H 5.00E+12 0.0 37.7 a
30 MnOH+CH; = MnO+CH,4 2.00E+13 0.0 12.6 a
31 MnOOH+H+M = MnO,H,+M 1.00E+16 0.0 0.0 a
32 MnOOH+H = MnO+H,0 2.00E+13 0.0 0.0 a
33 MnOOH+H = MnOH+OH 3.00E+13 0.0 20.9 a
34 MnOOH+H = MnO,+H, 1.00E+13 0.0 16.7 a
35 MnOOH+OH = MnO,+H,0 6.00E+12 0.0 6.28 198
36 MnOOH+O = MnOH+0O, 2.00E+13 0.0 10.5 a
37 MnOOH+O = MnO+HO, 3.00E+12 0.0 66.9 a
38 MnOOH+O = MnO,+0OH 3.00E+13 0.0 18.8 a
39 MnOOH+CH; = MnO+CH;0H 3.00E+12 0.0 31.4 a
40 MnOOH+CH; = MnOH+CH;0 1.00E+13 0.0 46.0 a
41 MnOOH+CO = MnOH+CO, 2.00E+12 0.0 20.9 a
42 MnO,H,+H = MnOH+H,0 6.60E+13 0.0 4.18 a
43 MnO,H,+H = MnOOH+H, 5.00E+13 0.0 79.5 a
44 MnO,H,+OH = MnOOH+H,0 1.00E+13 0.0 37.7 a
45 MnO,H,+0O = MnOOH+OH 2.00E+13 0.0 83.7 a
46 MnO,H,+CH; = MnOOH+CH, 1.00E+13 0.0 87.9 a
47 MnH+H = Mn+H, 5.00E+13 0.0 12.6 a
48 MnH+OH = Mn+H,0 1.00E+14 0.0 0.0 a
49 MnH-+0O+M = MnOH+M 1.00E+15 0.0 0.0 a
50 MnH+O = Mn+OH 1.00E+14 0.0 8.37 a
51 MnH+CHj; = CHy+Mn 1.00E+14 0.0 8.37 a
52 MnH+0,+M = MnOOH+M 1.00E+16 0.0 0.0 a

a Estimates

The laboratory flames inhibited by TMT and MMT were numerically modeled as one-dimensional,
freely-propagating flames. Solutions were obtained using the Sandia flame code Premix,”” and the
CHEMKIN®" and transport property*” subroutines. (Solutions were obtained for values of GRAD and
CURV of 0.17 and 0.25 in PREMIX.) The kinetic mechanism for methane combustion was GRIMech
3.0, **® with the nitrogen chemistry removed. The methane sub-mechanism contained 36 species and
The calculations were for 1-D planar flames, while the experiments determined the
average flame speed of Bunsen-type flames which can be influenced by curvature and stretch. To
minimize these effects, both the experimental and calculated data are presented as normalized flame
speed reduction.

219 reactions.’

! The reaction mechanisms used for the present calculations for flames with manganese or tin compounds should be considered
only as a starting point. Numerous changes to both the rates and the reactions incorporated may be made once a variety of
experimental and theoretical data are available for testing the mechanism.
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Results
Observations

The appearance of the flames with added organometallic inhibitors is shown in Figure 3-30. Flames with
iron pentacarbonyl were bright orange, with tetramethyltin they were bright pale blue, and with MMT,
yellow-green. The intensity of the visible emission increased with inhibitor mole fraction. As the loading
of metallic inhibitor increased, there became visible a luminous outer shroud as seen clearly in the last
two images on the right in Figure 3-30. These were regions of high particle concentration from inhibitor
condensation, leading to broad-band black body radiation, visible here in the orange part of the spectrum.
For the TMT-inhibited flames, a white-colored powder (presumably tin oxide) formed on the rim of the
quartz burner tube during the tests, especially at high TMT loading. This deposit was removed between
collection of each data point. For MMT and Fe(CO)s, a dark red or an orange deposit was formed,
respectively. The rate of deposition for these inhibitors, however, was much lower than for the TMT,
which was added to the flames at mole fractions about ten times higher.

Figure 3-30. Visible Images of Methane-air Premixed Flames. (From left to right: no
inhibitor, 50 pL/L of Fe(CO)s, 4000 pL/L of TMT, and 400 pL/L of MMT).

Inhibition by Tetramethyltin

Figure 3-31 shows the relative burning velocity reduction with addition of TMT to methane-air flames
(Xo,0r =0.21) for values of equivalence ratio of 0.9, 1.0, and 1.1. The dotted lines are curve fits to the
experimental data, and the solid lines are the results of the numerical calculations described above (and
discussed below). Data are plotted as normalized burning velocity, which is the burning velocity of the
inhibited flame divided by the value for the same flame in the absence of inhibitor. The calculated and
experimental burning velocities, along with the calculated adiabatic flame temperatures of the uninhibited
flames used for the normalization are listed in Table 3-6. For the uninhibited flames, the experimentally
determined average burning velocities for the Bunsen-type flames were within about 4 % of the
calculated values for 1-D planar flames. In Figure 3-31 (as well as Figure 3—32, Figure 3—33, Figure
3-34, and Figure 3—36 described below), the last data point shown represents the highest volume fraction
of inhibitor for which flames could be stabilized on the present burner (i.e., they extinguished at higher
volume fractions). The experimental results in Figure 3-31 demonstrate that for stoichiometric flames,
3000 puL/L of TMT reduced the flame speed by about 41 %, which is about a factor of two better than
CF;Br. The data also showed that, unlike Fe(CO)s, the richer flames were inhibited more strongly by
TMT than the leaner flames. (Additional numerical tests with SnO as the inhibitor showed that the poorer
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inhibition of lean flames was due to the fuel effect from the hydrocarbon portion of the relatively large
amounts of Sn(CH;), added to the flames.)
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> Figure 3-31. Normalized
S Burning Velocity of
] Premixed CH4/O4/N,
- Flames Inhibited by TMT
E for Xo2,0x=0.21 and ¢=0.9,
5 1.0, and 1.1 (Dotted lines:
0 curve fits to data; solid
2 lines: numerical
N T
= predictions.)
E
o 1.0
z
0.4
0 1000 2000 3000 4000 5000

Sn(CH;)s ppm

As described below, the burning velocity reduction caused by tin species was most sensitive to the rates
of the reactions: SnO + H + M < SnOH + M, and SnOH +H <> SnO + H,. Consequently, the pre-
exponential factors were adjusted in those rates to provide agreement with the experimental results for
stoichiometric mixtures of methane with air. Note, however, the relatively high level of the rate constant
for the reaction H + SnO + M <> SnOH + M. Bulewicz and Padley''® also found that a high rate was
required for this process to provide agreement with their experimental data on hydrogen atom
recombination in the products of a hydrogen flames. As Figure 3-31 shows, the numerical model
predicted the amount of inhibition well for stoichiometric flames. For rich and lean flames, however, the
model over- and under-predicted the burning velocity, respectively. For the reaction set considered,
reasonable adjustments to the rate constants did not provide better agreement.

Figure 3-32 shows the measured and calculated flame speeds for TMT in stoichiometric flames X0, 0x
equal to 0.20, 0.21, and 0.244. The experimental data and calculations (with adjusted rate constants)
show good agreement for the three values of XOZ,ox; however, for the hottest flames (ony,}x = 0.244), the
mechanism slightly overpredicted the inhibition at low mole fraction, and underpredicted it for higher
mole fraction. The experimental data show that for the slower and cooler flames (e.g., equivalence ratio
15 0.9 or 1.0 and on,(,x =0.20 or 0.21), the TMT started to lose its effectiveness above a certain value. For
Fe(CO)s inhibited flames, such behavior was shown to be due to condensation of the iron-containing
intermediates.'"”
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The premixed flames inhibited by the Mn-containing compound MMT were slightly preheated
(Ti, = 80 °C). The values of the calculated and experimental uninhibited burning velocities, and the
adiabatic flame temperatures are shown in Table 3-6. The normalized burning velocities of MMT-
inhibited flames with variation in equivalence ratio and Xo, .. are shown in Figure 3—33 and Figure 3—34.
MMT was about 13 times more efficient at flame inhibition than TMT; however, it too started to lose its
effectiveness for flame speed reductions near 50 %. Based on the sensitivity of the burning velocity to
the reaction rates, the pre-exponential factors of the reactions Mn(OH), + H <> MnOH + H,0 and MnO +
H,O <> Mn(OH), were adjusted to provide agreement with experimental data for these methane-air
flames at $=1.0. Using the rates shown in Table 3-9, the model predicted the burning velocity reduction
quite well. Nonetheless, for the hottest flames (Xo, . = 0.244) this mechanism also overpredicted the
inhibition slightly at low inhibitor mole fraction, and underpredicted the inhibition somewhat at
intermediate mole fractions. Also, this gas phase mechanism did not capture the decrease in inhibitor
effectiveness which occurred with increasing inhibitor initial mole fraction, likely a result of condensation
of Mn-containing species.
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Comparative Performance of Metals

Figure 3-35 compares the inhibition effectiveness of Fe(CO)s, MMT, TMT, SnCl,, CF;Br, and CO,. The
data for SnCly inhibition from Reference 34 show tin tetrachloride was as effective in n-hexane/air flames
as TMT was in methane/air flames. Although the experimental data shown for TMT and SnCly are not
for an elevated inlet temperature of 80 °C, numerical calculations showed that the reduction in the
normalized flame speed caused by TMT addition with T;,=298 K differs from that with T;,=353 K by less
than 1 %. Fe(CO):s is significantly more effective than any of the other agents, and all of the metal-based
inhibitors had greatly reduced effectiveness for burning velocity reductions greater than 50 %. When the
inhibitor mole fractions are re-scaled in Figure 3-35 to provide overlap at 30 % reduction in burning
velocity, the normalized burning velocity curves of all inhibitors are nearly coincident for flame speed
reductions less than 40 % (i.e., the curves are roughly linear up to this degree of normalized flame speed
reduction). Such re-scaling of the experimental data shows that at low mole fraction, Fe(CO)s was about
80 times, MMT 40 times, and TMT three times as effective as CF;Br at reducing the overall reaction rate
of stoichiometric, premixed methane-air flames. For flame speed reductions greater than 40 %, the curves
for these five agents diverged. As discussed previously,'””?”” most inhibitors lose their marginal
effectiveness at higher mole fractions, but the decrease in inhibition effectiveness is much more dramatic
for the organometallic compounds, as was found previously for Fe(CO)s.
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Blends of Metals

One approach for overcoming the loss of effectiveness is to add non-condensing amounts of several
inhibitors. To test this approach in premixed flames, Linteris and co-workers performed tests with a
blend of MMT and Fe(CO)s, added at a molar ratio of 2:1, respectively. Data for pure MMT, pure
Fe(CO)s, and their combination are shown in Figure 3-36 (Ti, = 353 K, phi=1.0, and Xo,,,=0.244). The
experimental data are represented by the points with a curve fit (dotted line), while the results of the
numerical calculations are shown by the solid lines. (The data for the combination of MMT and Fe(CO)s
are plotted as a function of the mole fraction of the abundant agent, MMT). The numerical model, which
includes both the reactions of manganese-containing species and the iron-containing species from
Reference 104 predicts well the normalized flame speed reduction. As the figure shows, adding 0.5
moles of Fe(CO)s for each mole of MMT added did provide additional flame speed reduction over that
from MMT alone. This is significant since, as discussed previously,'” the loss of effectiveness of the
metals at higher concentration could be caused either by condensation of active species, or by the loss of
radical population by catalytic recombination. Since the addition of iron to the manganese-inhibited
flame caused significant additional inhibition, the strong loss of effectiveness in the MMT-inhibited
flames was likely due to condensation rather than radical depletion. If the cause was radical depletion,
addition of Fe(CO)s to the flames already inhibited by high amounts of MMT would have yielded no
additional inhibition, since few radicals would be left to recombine. The gas phase kinetic model
captured the mild reduction of effectiveness of either agent or their blend acceptably well (for flame speed
reductions of less than 40 %).
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Discussion

One of the benefits of numerical modeling of the flame structure of inhibited flames is that the results of
the calculations provide detailed insight into the actual reasons for the strong inhibition. Further, the
results for different inhibitors can be used to understand why they each demonstrate a different
effectiveness. In the sections below, the inhibition mechanisms of tin and manganese are discussed and
compared to that for iron. The difference in efficiency for these systems are shown to be related to the
formation reaction and equilibrium relationships for the intermediate metal di-hydroxide species Fe(OH),
and Mn(OH),.

Inhibition Mechanisms of Tin and Manganese

Examination of species profiles, reaction fluxes, and sensitivity coefficients from the numerically
predicted flame structure allows investigation of the mechanisms of inhibition of these metallic
compounds. The calculations show that TMT decomposes quickly in the flame, with 90 % consumption
at 1000 K. A diagram showing the important reactions for tin inhibition is shown in Figure 3-37 (which
also shows in parallel format the reaction paths for MMT, and Fe(CO)s inhibition). In the calculations
used to prepare Figure 3-37, TMT, MMT, or Fe(CO)s were present at (1963, 128, or 105) uL/L,
respectively, in the premixed methane-air flames (¢=1.0, T;;=353 K, and X,, =0.21); these volume
fractions produced a 30 % reduction in flame speed.

Mn
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Figure 3-37. Reaction Pathways for Sn, Mn, and
FeO, Fe in a Premixed Methane-air Flame (¢=1.0,
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reactant molecule to a specific product.
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The determination of the important reactions was based on consideration of both the reaction flux and
sensitivities. The reaction flux represents the production or consumption of a species by chemical
reaction. For a particular reaction, it is defined as the integral of that reaction rate per unit volume over
the entire flame domain. The total reaction flux for a species is defined as the sum of the reaction fluxes
for the individual reactions which produce or consume it. In Figure 3-37, the pathway for consumption of
each species is shown, with arrows connecting the relevant reactant and product species. The number
next to each arrow represents the fraction of the total consumption flux for that species which proceeds
through that particular reaction.

The tin atom formed as a result of TMT decomposition quickly reacts with O, through the reactions Sn +
0, (M) <> Sn0O,, and Sn + O, <> SnO + O. The former reaction leads to SnO from the reaction of SnO,
with CO, H, or other radicals. Conversely, the latter reaction forms SnO directly, and is fast at room
temperature as compared to the analogous reaction of iron atom. Formation of SnO leads to the following
reactions with H and HCO radicals:

SnO +H+ M < SNOH + M

SnO + HCO < SnOH + CO
which, together with the radical scavenging reactions of SnOH, complete the catalytic radical
recombination cycle of tin:

SnOH + H <> SnO + H,
SnOH + OH < SnO + H,O
SnOH + CH3 <~ SnO + CH4
SnOH + O <> SnO + OH .

The net effect of the dominant inhibition reactions can be shown as:

SnO+H +M < SnOH + M
SnOH + H <> SnO + H,

net: H+H < H,

Equilibrium calculations show that SnO is the major tin species in the products of a stoichiometric
methane—air flame with added TMT. Figure 3-38 presents the sensitivity coefficients of the burning
velocity to the rate constants (after adjustment) of tin-containing species for methane/air mixtures with
equivalence ratios of 0.9, 1.0, and 1.1. In general, the burning velocity was sensitive to the rates of the
catalytic cycle reactions with high fluxes: SnO reaction with H or HCO, and SnOH reaction with H, OH,
CHs;, or O. The burning velocity was most sensitive to the rate of the reaction SnO + H + M <> SnOH +
M, which had a sensitivity about four times less than the chain-branching reaction H + O, <> OH + O. As
was found for DMMP and ferrocene additives,'***' the burning velocity of flames inhibited by TMT was
not particularly sensitive to the rate of the decomposition reaction. Numerical tests showed that changes
in the overall activation energy of TMT decomposition in the range 170 kJ/mol to 335 kJ/mol had little
effect on the burning velocity with up to 2000 uL/L of TMT. Hence, the inhibition effectiveness of tin
compounds is likely to be independent on the parent molecule, as long as rapid decomposition occurs.
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Figure 3-38. First-order Sensitivity Coefficient of the Burning Velocity to the Specific
Reaction Rate Constant for Reactions with Tin-containing Species (1963 pL/L of TMT).

The reaction SnO + CO <> Sn + CO, (which is followed by Sn+0,=Sn0O+0) is an additional route for CO
consumption, and is chain-branching (net: CO+0,=CO,+0), which reduced the inhibiting effect of SnO
in these flames. Similar behavior was found for CO — N,O flames inhibited by Fe(CO)s.'* Changes in
these rates affected the calculated inhibition efficiency of TMT; nevertheless, the mechanism was
dominated by the rate of reaction SnO + H + M <> SnOH + M.

Analysis of the numerical results for inhibition by MMT showed that the behavior of manganese in
premixed methane-air flames was similar in many details to that of iron pentacarbonyl. The reaction
pathway for manganese species is also shown in Figure 3-37, and the pathway for iron species from
Fe(CO)s is shown for comparison. As with iron pentacarbonyl, Mn reacts with O, to form MnO, , which
reacts primarily with radicals to form MnO. The catalytic radical recombination cycle consists of:

MnO + HzO <> MH(OH)2
Mn(OH), + H <> MnOH + H,0
MnOH + H (or OH, O) <> MnO + H, (or H,O, OH)

net: H+ H < H,
(or: H+ OH <> H,0, H+ O & OH)
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Although flame equilibrium calculations showed that the species MnH was present at relatively large
concentrations, the contribution of reactions of this species to the inhibition effect was relatively small.
Figure 3-39 shows the highest absolute values of the sensitivity coefficients of burning velocity to the rate
constants (after adjustment) for reactions of manganese-containing species. The burning velocity was
sensitive to the rates of the three reactions in the catalytic cycle above, with the rate of the reaction
Mn(OH), + H <> MnOH + H,O having the greatest absolute value. The burning velocity was also
somewhat sensitive to the rates of the reactions forming MnO, and MnO. The reaction MnO + H <> Mn
+ OH has a positive sensitivity; i.e., increasing its rate increased the burning velocity. This chain
propagating reaction temporarily removed MnO from the catalytic cycle above, thus weakening the
inhibition.
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Figure 3-39. First-order Sensitivity Coefficient of the Burning Velocity to the Specific
Reaction Rate Constant for Reactions with Manganese-containing Species (150 pL/L of
MMT).

Comparison of inhibition by Fe(CO)s, MMT, and TMT

In order to evaluate the inhibition mechanisms under comparable conditions, the numerical calculations
(for ¢=1.0, Xo,00 =0.21, and T;;=353 K) were performed, as above, for initial values of TMT, MMT, and
Fe(CO)s which provided an equivalent reduction (30 %) in the normalized burning velocity. These
volume fractions were found to be 1963 uL/L, 128 puL/L, and 105 pL/L, respectively. While suppression
of a fire would probably require higher agent concentration than that which provides a 30 % flame speed
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decrease, this degree of flame speed reduction was selected for two reasons. It provided a significant
reduction in overall reaction rate (a factor of two) and kept the agent concentration far enough above the
values at which the model and experiments start to diverge (possibly due to condensation). For these
flames, the structures were quite similar and the flame speed was the same (37.3 cm/s), allowing
straightforward comparison of the inhibition mechanisms.

Based on the calculated results, TMT was required at a mole fraction which was about 17 times greater
than iron or manganese compounds for a similar reduction in overall reaction rate. This occurred because
the reactions to form SnOH from SnO were rate-limiting and slow. Further, the reverse of the reaction
SnO + H + M <> SnOH + M was relatively fast at the location of peak catalytic cycle activity because
SnO was a dominant equilibrium product in the high temperature region.

In order to further compare the performance of TMT, MMT, and Fe(CO)s, it was useful to plot the
relevant species mole fractions as a function of temperature through the flame. Figure 3-40 shows the
mole fractions of the metal species in the inhibition cycles, and the radical species H, OH, and O. The
vertical line shows the location of the maximum rate of the H+O, branching reaction. Note that the
locations of the peak fluxes of the inhibition reactions (not shown) were very close to the peak flux of the
H+0O, reaction and to the maximum concentrations of H, OH, and O. The bottom figure for TMT
inhibition clearly shows the preponderance of SnO as the sink for tin atoms (note the rescaling), hence
requiring a large initial TMT mole fraction to achieve both fast reaction of SnO with H atom, and
appreciable mole fraction of SnOH for radical scavenging. In Figure 3-40, consider the Mn-containing
species at the location of peak H-atom flux. MnO was present in higher mole fraction than FeO. This
occurred from the significant backward reaction of MnO + H,O <> Mn(OH),, which provided a lower
Mn(OH), concentration for the rate-limiting step Mn(OH), + H <> MnOH + H,O.

The importance of constraints on equilibrium concentrations as they relate to inhibitor efficiency is
illustrated in Figure 3-41, which shows the fraction of all metal species in the flame. For these
equilibrium calculations, the metallic element (Sn, Mn, or Fe) was present at a mole fraction or 1.0 x 107,
and methane and air were present at stoichiometric proportions. For TMT inhibition, the Sn appeared
overwhelmingly as SnO (note the scale change on Sn and SnOH), thus higher levels of TMT were
required to yield the required levels of SnOH reaction with H atom, and for the required rates of the slow
reaction SnO + H+ M < SnOH + M. Note that since the flames of Figure 3-40 all had equivalent levels
of inhibition, the flux of each radical recombining catalytic cycle was about the same; e.g., SnOH,
MnOH, and FeOH must have been present at about the same mole fraction since their rates of reaction
with H-atom were close, and the rates of reactions forming the hydroxide were approximately the same.
Comparing Mn(OH), and Fe(OH), in Figure 3-41, in the MMT-inhibited flames, the concentration of
Mn(OH), for temperatures above 1800 K dropped off rapidly, whereas in the Fe(CO)s-inhibited flames,
Fe(OH), did not. Since the reaction of Mn(OH), with H atom was rate-limiting (Figure 3-39), decreases
in the Mn(OH), mole fraction made MMT less effective as an inhibitor than Fe(CO)s.
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Conclusions

This section described the first experimental measurements of the influence of manganese- and tin-
containing compounds (MMT, TMT) on the burning velocity of methane/air flames. Comparisons with
the agents Fe(CO)s and CF;Br demonstrated that manganese and tin-containing compounds are effective
inhibitors. The inhibition efficiency of MMT was about a factor of two less than that of iron
pentacarbonyl. TMT was about 26 times less effective, although it was still about twice as effective as
CF;Br. There were conditions for which both MMT and TMT showed a loss of effectiveness beyond that
expected due to radical depletion, and the cause is believed to be particle formation. Kinetic models
describing the inhibition mechanisms of MMT and TMT additives were suggested. Simulations of
MMT- and TMT-inhibited flames showed reasonable agreement with experimental burning velocity data.
The decomposition of the parent molecule for the tin and manganese species was found to have a small
effect on the inhibition properties for the range of concentrations used in this work. Calculations
confirmed that the main tin-containing species in the flame zone was SnO, while the concentrations of
SnO,, SnOH and Sn were relatively small. The inhibition effect of TMT was determined mostly by the
rate of the association reaction H+SnO + M <> SnOH + M, and the catalytic recombination cycle was
completed by the reactions SnOH + H <> SnO + H, and SnOH + OH <> SnO + H,O. The inhibition
mechanism of manganese-containing compounds was similar, in many details, to the inhibition
mechanism for iron pentacarbonyl: MnO + H,O <> Mn(OH),; Mn(OH), + H <> MnOH + H,0, and
MnOH + OH (or H) <> MnO + H,O (or H,). The burning velocity was most sensitive to the rate of
Mn(OH), + H <> MnOH + H,0 reaction. Comparison of the mechanisms of inhibition of TMT and
MMT to Fe(CO); showed that the manganese was not as efficient an inhibitor as iron: due to equilibrium
constraints, the mole fraction of the intermediate species Mn(OH), drops off at higher temperature (in
comparison to Fe(OH),), slowing its rate-limiting reaction with H atom in the catalytic cycle. This result
illuminated the role of equilibrium constraints on species concentrations in the efficiency of catalytic
cycles.

3.35 Complexation/Matrix Absorption of Super-effective Agents

Introduction

While the high flame inhibition effectiveness of these types of compounds would appear to encourage
their pursuit as potential fire suppressants, their high toxic potency is a severe deterrent. (See Chapter 6.)
To overcome this limitation, the NGP examined means to absorb or adsorb such compounds into an inert
matrix for transport to and release in the flame zone. Alternatively, perhaps other, non-toxic compounds
of these metals existed which are also superb inhibitors and which maintain their action up to higher mole
fractions. Iron-containing compounds, and in particular Fe(CO)s, were the initial focus of the research.
They had been found to be the most efficient metallic flame inhibitors, and thus would be most able to
overwhelm the additional mass of the matrix material or complexing moiety and contend with halon 1301
in flame suppression efficiency.

Absorption Tests of Fe(CO)s into Matrix Materials

The objectives of this research® were to develop a system for introducing the inhibitor into matrix
materials, quantify the absorption and desorption processes of the inhibitor into and out of the matrix, and
investigate the thermal stability of the matrix-inhibitor combination.
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Matrix Materials and Super Agents Considered

The selection of matrix material had to consider several key factors:

e Since the primary purpose of the matrix was safe storage and transport of the superagent, it
needed to be inert. Porous silica and aerogel fit these criteria well. Zeolite particles have Na"
imbedded in the structure and could influence the flame inhibition. Porous carbon particles were
not considered, since they could promote flame propagation through oxidation of carbon.

e For efficient loading of agent, the matrix needed to have a high surface area to mass ratio. Zeolite
particles have a high ratio of about 800 m?*/g, while crystalline sodium bicarbonate particles have
a very low value. The porous silica particles considered had an intermediate value of 550 m*/g.
Aerogel particles have high pore volume to mass, but offer lower agent adsorption surface area.

e The matrix particles had to be seedable into flames. Submicron particles were hard to seed in a
steady, consistent manner as opposed to particles above 5 pm. In this regard, zeolite particles
with a mean diameter of 2 pm were on the borderline, and the maximum mass loading of seeded
zeolite particles did not exceed 0.6 %. In comparison, porous silica particles in the size range of
15 um to 40 um were well behaved in the seeder, and a mass loading as high as 6 % was attained
in flame experiments.

e The desorption rate of the agent from the pore structure had to be favorable.

e The matrix material had to be stable during the heating and desorption process. A sample of
zeolite particles collected after passing through a premixed flame indicated spherical particles
greater than the initial size. This perhaps indicated that the matrix material had melted and,
through agglomeration, formed large spherical particles.

Because of the superior flame inhibition properties of Fe(CO)s most of the absorption effort was devoted
to this compound. For safety, some experiments were conducted with molecular iodine as a surrogate
material for testing the performance of an absorbed agent.

Fe(CO)s Absorption Method

Iron pentacarbonyl was absorbed into particles of zeolite-NaX, zeolite-NaY, silica aerogel, and porous
silica, as well as NaHCO; and Na,CO;. The system developed for introducing the Fe(CO)s into the
various matrix materials is shown in Figure 3-42. The technique is a standard method for absorbing
compounds into matrix materials. The apparatus was evacuated to a pressure of 7 Pa. In the initial
absorption studies, about 1 g of solid support material was first inserted into one of the tubes. This sample
was then heated under vacuum for 3 h to 4 h to remove the absorbed gases from the internal pore
structure. The support material was then allowed to return to room temperature. The Fe(CO)s to be
absorbed was poured into the second tube, with the interconnecting valve closed. While keeping the
Fe(CO)s close to its freezing temperature, the valve in the interconnecting tube was opened briefly to
remove the gas-Fe(CO)s mixture. Finally, the valve to the suction pump was closed and the
interconnecting valve was left open, allowing the Fe(CO)s vapor to diffuse and absorb into the pore
structure. This process typically took about one to two days.
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Figure 3-42. Schematic of the Experimental Setup for Fe(CO)s Absorption.

Fe(CO)s Absorption Results

For zeolite-NaX with pore volume of 0.3 cm’/g,**® the estimated mass of Fe(CO)s required to completely

saturate the internal pore volume was about 0.3 g/g of zeolite-X. About 10 % of additional Fe(CO)s was
generally poured into the glass tube to ensure complete absorption. Based on the mass increase of the tube
containing zeolite-NaX, about 33 % increase in gross mass of the particles was observed, which was
consistent with the estimate based on the internal pore volume. This implied that the particles of zeolite-
NaX absorb the Fe(CO)s into their pore structure, as opposed to just adsorbing the agent onto the external
surface. This amount of mass uptake was encouraging, since only 100 pL of Fe(CO)s added to one L of
reaction zone volume should reduce the overall reaction rate by a factor of four. Thus, adding a mass
loading of particles of 1 % should provide sufficient Fe(CO)s to yield an observable burning velocity or
extinction strain rate reduction in our apparatus.

After the Fe(CO)s was absorbed into the zeolite-NaX, the particles changed color to a faint
brown/yellow. Based on the color change, the absorption appeared to be uniform in the zeolite particle
sample. In addition, a very faint coating (presumably Fe(CO)s) was observed on the tube walls. When the
absorption process was allowed to take place with the chemical hood light on, the color of the Fe(CO)s-
absorbed zeolite particles was a darker shade of brown. This was believed to be caused by the
decomposition of Fe(CO)s to Fe,(CO), (iron nonacarbonyl) in the presence of light.
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When the Fe(CO)s-absorbed zeolite-NaX was exposed to air by opening the valve, a reaction front
propagated rapidly across the sample, sometimes with a bright orange-colored emission (apparently a
flame inside the absorption tube). Hence, it appears that the iron pentacarbonyl reacted pyrophorically
with air. Additional experiments were conducted by exposing the Fe(CO)s-impregnated zeolite-NaX
particles to either pure oxygen or nitrogen. In oxygen, the particles showed even more violent reaction,
whereas in nitrogen, there was no reaction. These tests showed that the decomposition process was
related to the oxygen concentration. While these observations were qualitative, this unexpected result
indicated that zeolite-NaX may not be an appropriate support matrix for delivering unreacted Fe(CO)s to
a flame, and other support materials were pursued.

There is a theoretical basis for believing that zeolite-NaY would be a more desirable support material than
would be zeolite-NaX. The surface physical-chemical properties of the zeolite likely have an important
role in the Fe(CO)s decomposition process. The general formula for a unit cell of zeolite is given by
Na,AlSi9740384 yH,O, where x ranges from 48 to 74 for zeolite Y and from 74 to 96 for zeolite X.
While the cage structures of zeolite-NaX and -NaY are similar, the difference between them is in the
content of cation Na' in the solid matrix. The lower NA" content of zeolite-NaY leads to weaker internal
electric fields than in zeolite-NaX, and hence a lower propensity for decomposition of the Fe(CO)s in
zeolite-NaY. When exposed to air, the Fe(CO)s-absorbed zeolite-NaY also indicated Fe(CO);s
decomposition, but the intensity of the observed reaction was much slower than with zeolite-NaX. Tests
with porous silica particles gave weak indication of Fe(CO)s decomposition.

Besides porous silica particles, aerogel particles synthesized at University of Virginia were also tested as
a possible support material. These particles were formed by hydrolysis of tetraethyl orthosilicate
(Si(OC,Hs)s) in ethanol, followed by drying to remove extra ethanol and water, leaving behind a solid
matrix which was 96 % porous. Three Fe(CO)s absorption experiments were conducted with the aerogel
particles produced using the apparatus in Figure 3-42. Prior to absorbing Fe(CO)s, the aerogel particles
were heated to 200 °C to 250 °C to remove as much moisture as possible. The first sample indicated a
particle mass increase of about 200 %. Two subsequent absorption experiments with aerogels, however,
indicated Fe(CO)s absorption of 14 % and 101 % of the aerogel particle mass. (Note that the second
sample was from the same batch of aerogel as the first, while the third sample was from a newly
synthesized batch of aerogel.) Furthermore, both the second and third samples reacted after about 5 min
to 10 minutes exposure to air, while the first sample with substantially larger increase in mass did not
react when exposed to air for a long period of time.

The decreased uptake of Fe(CO)s in the second and third aerogel samples and the subsequent reaction
when exposed to air led to the hypothesis that either water or ethanol in the aerogel (from the synthesis
process described above) was not completely removed. Since Fe(CO)s is known to react violently with
water, the absorbed water was perhaps the most likely cause for the above discrepancy in Fe(CO)s
absorption and its decomposition.

Quantification of Fe(CO); Absorption/Desorption

A standard technique for measuring the desorption or the decomposition properties of materials is
thermogravimetric analysis TGA. In these tests, the sample is continuously weighed, while its
temperature is increased. Zeolite, silica, and aerogel samples were heated to about 500 °C in steps of
5 °C/min, while NaHCO; and Na,CO; were heated only to 150 °C because of their propensity to
decompose. The TGA analyses required transferring of the Fe(CO)s absorbed particles from the
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absorption flask to the weighing pan of the TGA. During this process, some fraction of the particles could
react with ambient air, so the transfer time was strongly minimized. TGA analyses were performed for all
of the absorbed particles. The Fe(CO)s-absorbed aerogel particles did not react immediately when
exposed to air, hence the desorption of Fe(CO)s from these particles measured via TGA was probably the
most reliable. However, the desorption from aerogels showed a great variation from sample to sample,
ranging from 5 % to 200 %.

The data in Table 3-10 help understand the desorption loss from the various types of Fe(CO)s-laden
particles following exposure to air. The elemental analyses (by Southern Testing and Research
Laboratories) quantify the amount of Fe and Na remaining in the particles.

e The second column lists the Fe remaining in the sample, based on the weight loss of the sample in
the TGA measurements.

e The third and fifth columns provide the Fe and Na remaining in the samples following exposure
of the specimens to air at ambient temperature.

e The fourth and sixth columns show the Fe and Na remaining following heating at 500 °C in air
for several hours to ensure that Fe(CO)s was fully decomposed.

Table 3-10. Summary of the Fe and Na Mass Loadings in Unheated and Heated Particles.

From TGA From Elemental Analysis

Support Fe (% by Mass) Fe (% by Mass) Na (% by Mass)

Material Heated Unheated Heated Unheated Heated
Zeolite-NaX 7.1+£0.7 89+09 7.1+0.7 11.0£1.1 9.8+ 1.0
Zeolite-NaY 7.1+0.7 9.7+1.0 6.8+0.7
Porous Silica 6.0+0.6 128+1.3 6.8 +0.7 <0.8 <0.1
Silica Aerogel 4to 57
NaHCO; 50+0.5 <0.1 <0.2 28.0+£2.8 41.0+4.1
Na,CO; 2.0+0.2

e [t was not resolved whether the observed weight loss was due to desorption of undissociated
Fe(CO)s or decomposed carbonyl.

e Comparison of columns 3 and 4 indicates that heating of the reacted particles had a small effect
on the absorbed Fe(CO)s for zeolite particles, but a larger effect for porous silica particles.
Hence, it is possible that most of the Fe(CO)s remaining in the unheated zeolite particles was no
longer intact Fe(CO)s that could be liberated by heating, but rather was already decomposed.

e For porous silica, about half of the Fe(CO)s was decomposed or unavailable for liberation by
heating.

o The Fe and Na mass fractions remaining in the zeolites were considerable and similar. If the Na
could be liberated from the zeolite particles in the flame, they might provide flame inhibition
even without added iron.

In order to determine whether any unreacted Fe(CO); remained inside the particle after exposure to air,
infrared (IR) spectroscopy analysis was performed. The reacted zeolite or porous silica particles were
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crushed and then mixed with potassium bromide particles. This mix was then pressed to form a thin
wafer and then tested in the IR spectrometer. The absence of significant absorption of the Fe-CO
stretching bond (characteristic of Fe(CO)s) indicated that there was little Fe(CO)s remaining in the solid
support matrices.

The Fe(CO)s-impregnated and reacted zeolite particles were also analyzed using the high-resolution
transmission electron microscope (HRTEM). Images of zeolite-NaX particles after absorption of
Fe(CO)s and exposure to air showed that a condensed phase substance formed on the exterior surface.
For example, the left frame of Figure 3-43 shows an image of a zeolite particle after Fe(CO)s was
absorbed and then the sample exposed to air. For comparison, the right frame shows an image of a pure
zeolite particle. In the left frame, the zeolite-NaX particle is shown to have a diameter on the order of a
micrometer, with pore sizes of the order of 1 nm, while nodules of condensed—phase material (perhaps Fe,
FeO, or Fe,0; ) have diameters of about 20 nm and are rather well dispersed on the support material. The
formation of these condensed-phase nodules implies that Fe(CO)s may not be available from the matrix to
provide gas phase Fe, which is required for efficient flame inhibition.

Figure 3-43. High Resolution
Transmission Electron
Micrograph Images of
Zeolite-NaX Particles. Left:
with condensed phase iron
species on surface; right:
without Fe,O; clusters.
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Methods of Quantifying Suppression Effects by Particulates
Test Burners

Two burner types were selected as test beds for the particles: a premixed Bunsen-type nozzle burner, and
a gaseous counterflow diffusion flame burner, also with nozzle-generated flows. These flames were
selected for several reasons:

e Both types, unlike co-flow diffusion flame burners (such as a cup burner), allowed unambiguous
determination of the amount of agent that reaches the relevant high-temperature reaction region
of the flame. This is difficult in cup burner flames, since the transport of agent or particles to the
appropriate region of the cup burner is complex; moreover, stabilization (and therefore
extinction) of cup burner flames is not presently well understood theoretically.

e Cup burner tests allowed flames at only one strain rate, whereas counterflow diffusion flames
allowed tests at variable strain rates.

e The premixed flames mitigated the hazard from Fe(CO)s-impregnated particles contaminating the
laboratory space. Premixed flames involved much smaller quantities of gas and particles, and all
of the reactants passed through a flame.

e Both counterflow diffusion flames and premixed flames directly provide a measure of the overall
reaction rate in the flame, in a configuration which is easily interpreted or modeled. Peters®” has
shown, on a theoretical basis, that for the performance of a chemical catalytic inhibitor, the two
burners should be correlated.

Particle Seeder

Chelliah and co-workers designed, built, and tested an effective particle seeding system for introduction
of the NaHCO;, silica, zeolite, or aerogel particles to both counterflow diffusion flames and premixed
Bunsen-type flames. The design became the basis for particle experiments discussed in Chapter 4.

Because of the challenge in verifying the accuracy of previously reported data with NaHCO;
particles,”'®*'" considerable attention was devoted to the development of a particle seeder that could
provide steady feed rates of particles of various diameters. For the small air flows involved (typically
0.1 L/s), the fluidized bed approach shown in Figure 3-44 gave satisfactory seeder performance for
relatively small particles, i.e., less than 30 um in diameter. This fluidized bed seeder consisted of a
19 mm diameter glass tube with two porous plugs at either end. The air flow to the seeder was controlled
through a mass flow controller and split into two streams, which were connected to either end of the glass
tube. The flow passing through the bottom, which controlled the fluidization level, was monitored
through another flow controller. The fluidized particles and the air entering the fluidization tube (from
the top and bottom) were extracted through a small tube located near the middle of the tube. By
maintaining the total air flow to the fluidizer tube constant, the particle feed rate was steady, as verified
by continuously monitored the light scattered from the particle stream (Figure 3-44). The detection
system consisted of a laser diode (671 nm), a high speed silicon detector (Thor Labs DET1-SI ) with a
3 cm focal length collection lens, a laser line filter at 671 nm (Edmund Scientific), and a strip chart
recorder (Hewlett-Packard Model 7132) to monitor the detector output.
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Flow Profile Measurement

For both burners, a laser Doppler velocimetry (LDV) system was used to establish the quality of the top
hat velocity profile leaving the nozzle exit and to measure the local strain rate in the counterflow field.
Because the enclosed counterflow burner permitted optical access from the two opposing sides, an on-
axis forward scattering LDV configuration was selected. The LDV system consisted of an Argon lon
laser (Lexel Model 95) operating at 514.5 nm with a beam splitter and 300 mm focal length transmitting
lens (DISA) to obtain two equal intensity beams forming a fringe pattern at the intersection of the focused
beams. The probe volume was 0.151 mm wide and 1.51 mm long, with a fringe spacing of 2.57 um. The
collection optic system (DISA) gathered the forward scattered photons from the particles and imaged
them on a photomultiplier tube (PMT). The PMT current was amplified (C-Cor Electronics Model
4375A Wideband Video Amplifier) and processed by a timer/counter (TSI Model 1990B) operated in the
single burst mode using 8 cycles/burst. The filtered and amplified timer/counter signal was monitored by
an oscilloscope (Tektronix Model 2212), and the digital output was interfaced to a personal computer
using a digital input card (National Instruments DAQ pad 6510) and processed using data acquisition
software (LabView). Measured frequencies were related to particle velocity using the known fringe
spacing. To facilitate acquisition of velocity profiles in axial and radial direction of the counterflow field,
both fringe generating and collecting optics were mounted on translation stages (Velmex Unislide Model
MB2500), which had a minimum step size of 1 um, with a reported accuracy of 5 um in 100 mm. Figure
3-45 shows typical velocity profiles at the exit of the premixed burner nozzle for two different volume
flows. For comparison, the calculated top-hat velocity profiles are also shown as dotted lines.
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Figure 3-45. Calculated (dotted lines) and LDV-measured (points) Velocity Profiles at Exit
of Premixed Burner Nozzle for Total Flows of 7.4 and 9 L/min.

Counterflow Diffusion Flames with Inert and NaHCO; Particles

Prior to testing agent-loaded particles, sodium bicarbonate and pure silica particles were used as the test
cases for development of the seeding and burner systems.

Figure 3-44 shows the experimental setup of the counterflow burner. A steady, planar, non-premixed
flame was established in the mixing layer of counterflowing methane and air streams. The fuel and air
nozzles were made from Pyrex glass. The exit diameter of the inner tubes was 15 mm with a nozzle area
contraction factor of 6.5, producing a nearly plug flow velocity profile at the nozzle exit. The co-annular
nitrogen streams on both fuel and air sides helped maintain a stable planar flame disk. The cylindrical
burner chamber included provision for dilution of the chamber with room air at the bottom (to minimize
the occurrence of secondary flames), water cooling, and easy adjustment of the nozzle separation distance
via o-ring sealed vacuum fittings (MDC). The typical separation distance between the two nozzles was
10 mm to 12 mm. The exhaust gases were evacuated using an air-driven mass flow ejector, with the
chamber pressure monitored by a differential pressure gauge. The methane was BOC grade 4.0 with a
purity of 99.99 %. The air was supplied by an oil-free compressor and dried by a series of desiccant beds.
The flows of fuel and air were controlled using factory-calibrated mass flow meters (Teledyne Hastings-
Raydist), with a reported accuracy of + 1 %. Figure 3-46 shows an image of a typical flame disk
established without and with NaHCO; particles.
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Figure 3-46. Methane-air
Counterflow Diffusion
Flames: Pure (left), and
with NaHCO; Particles
(right).
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Experiments were conducted to test the system and to establish the effectiveness of particle size on non-
premixed flame suppression. These results are shown in Figure 3-47 as the mass fraction of NaHCO;
needed vs. flow strain rate at extinction, for particle sizes 10 um to 20 um, 20 um to 30 pm, 30 um to
40 pum, and 40 um to 60 um. For comparison, the effectiveness of 10 um to 20 um crystalline silica
particles are also shown. It is clear that NaHCO; particles below 20 um were significantly more effective

in this flow field. As the NaHCO; particle size increased, the performance approached that of the inert
silica particles.

NaHCO3 and Inert Particle Mass Fraction vs. Strain Rate
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Figure 3-48 shows two photographs of the crossed laser beams from an LDV system penetrating a non-
premixed counterflow methane—air flame seeded with 40 um to 60 um NaHCO; particles. In the upper
image, the beams are above the flame, in the region between the flame and the incoming air stream
(which is laden with particles), so that the particles have not yet reached the flame. Laser scattering from
the particles is clearly visible. In the lower image, the beams are located below the flame and there is still
obvious laser light scattering, indicating these large particles survive through the flame. This behavior
results in the lower suppression effectiveness as illustrated in Figure 3-47. These results also indicate that
even inert particles tend to reduce the flame extinction rate with increasing particle loading. Such effects
can be related to the thermal effects associated with heating of these inert particles. (See Chapter 4.)

Figure 3-48 — Laser Scattering
of NaHCO; Particles in a
Counterflow Diffusion Flame of
Methane and Air, Showing that
the Particles Pass Through the
Flame.

Parallel modeling efforts have shown that by selecting an appropriate value for the particle decomposition
temperature, the experimental results shown in Figure 3-47 can be replicated. With a fixed particle
decomposition temperature, the trends observed in Figure 3-47 for the variation in effectiveness due to
particle size were then captured. The outcome of such modeling results was that the existence of a critical
particle size which was effective in this flow field was directly related to the flow residence time, hence
the heating of the particle and its decompositions rate, which would ultimately control the chemical
effectiveness.

Premixed Flames with Inert and NaHCO; Particles

A Mache-Hebra nozzle burner (1.5 cm £ 0.05 cm diameter) produced a premixed Bunsen-type flame
about 1.9 cm tall with a straight sided schlieren image that was captured by a CCD array camera
connected through a USB port to a PC. Digital mass flow controllers held the equivalence ratio ¢ and the
flame height constant while the mass flow of particles from the seeder was set at the desired value. The
average burning velocity was determined from the reactant flows and the schlieren image using the flame
angle method'®” from the measured velocity profile. The fuel gas was methane (BOC grade 4.0;
99.99 %), and the oxidizer stream consisted of laboratory air from an oil-free compressor which was
dried by a series of desiccant beds. Air and fuel gas flows were set by PC-controlled mass flow
controllers (Sierra, 860). Figure 3-49 shows this burner operating with methane-air, with and without
NaHCO; particles added to the reactant flow.
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Figure 3-49. Premixed Methane-air
Nozzle Burner Flames: Pure (left)
and with NaHCO; Particles (right).

Using the LDV system, the burner exit velocity was characterized in the presence of silica, zeolite, and
sodium bicarbonate particles (Figure 3-50). The results indicate that the inert silica particles and zeolite-
NaX have a minor effect on the measured burning velocity, while NaHCO; has a noticeable effect.
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Comparison of the relative reduction of normalized, non-premixed flame extinction strain rates with
normalized premixed burning velocities indicated significant differences. However, such comparisons

209
and

should take into account the structural differences of the two flames. As shown by Peters
employed by Chelliah et al.*'* for chlorinated hydrocarbon flames, the normalized burning rate is related

the normalized extinction strain rate as S;/Sp o = \/(aext/aext,o)

Using this correlation, the comparison of the non-premixed and premixed flames inhibited with NaHCO;
is shown in Figure 3-51. The disagreement between the two was somewhat greater than the uncertainty in
each measurement; however, this disagreement was much less expected based on the significantly
different structures of the premixed and diffusion flames. The results suggested that tests with either
flame should be roughly comparable in demonstrating the effectiveness of chemically acting agents on the
global reaction rate in methane-air flames. On the other hand, the data for inert particles in premixed and
counterflow diffusion flames from Figure 3-47 and Figure 3-50, if plotted in Figure 3-51, would show a
significant discrepancy. Most likely, these differences are related to the thermal effects associated with
varying particle residence time in the two flows considered, and further analysis is required.
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Figure 3-51. Normalized Flame Strength as a Function of Added NaHCO; Mass Fraction
for Premixed and Counterflow Diffusion Flames.

In summary, this fluidized-bed seeding system described was effective for introducing particles smaller
than 30 um to the premixed and counterflow burners. The experimental techniques developed were
amenable to testing the efficacy of particles with absorbed super-agents in these flames. The
effectiveness of particles (which either decompose or release an absorbed agent) was expected to be
dependent upon the residence time for this process.
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Premixed Flames with lodine

Due to

the unexpected decomposition of Fe(CO)s within the solid support material and the potential

hazard from desorption of this toxic compound, molecular iodine was used as a surrogate to assess the
storage concept. The matrix material was selected to be silica gel, based on agent mass loading potential
and the seeding properties of the particles in the flow.

Absorption/desorption investigations indicated that an iodine mass fraction of about 24 % could
be loaded into zeolite-NaX particles. However, the maximum particle seeding achievable with
the present apparatus used in the premix flame configuration was about 0.5 % by mass (because
of very small size, 2 pm). Thus, the total iodine mass loading of the air stream was about 0.12 %.

About 6 % mass fraction of I, could be loaded into the milled and sized (10 um to 20 pm size
range) crystalline silica particles. Here, crystalline silica particles were considered because of
their better fluidization and seeding characteristics. In the same premixed flame configuration,
more than 2 % by mass of sized 10 um to 20 pm crystalline silica particles could be introduced.
The total iodine mass loading of the air stream was thus 0.12 %, similar to that for zeolite-NaX.

Selection of the appropriate matrix material for the particles was based on An iodine mass
loading of about 20 % was measured for porous silica gel particles (15 pm to 40 um)." Particle
seeding of up to 6 % by mass was possible, for a theoretical iodine mass delivery of 1.2 %.

Figure 3-52 shows the normalized flame speed of a methane-air flame for increasing particle mass
fraction, for pure silica gel and I,-impregnated silica gel. lodine-absorbed silica particles do not show any
significant reduction in burning velocity compared to chemically inert silica particles.
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i For porous silica gel particles, TGA analyses of the absorption of iodine were performed on two samples: one tested
immediately after the absorption process and the other after the particles had remained in the airflow of the fluidization seeder
for several hours. The mass loss from the fresh particles was 19 %, while that from the “aged” particles was about 8 %. There
was also a change in the particle color (to a lighter brown shade) after being in the seeder for several hours, a result consistent
with the lower mass loss for the post-seeder particles.
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This result was not surprising. Based on literature values of the burning velocity reduction of Br in
hydrocarbon flames,'*® an estimated I, mass loading of 10 % in the air stream would be required to reduce
the burning velocity by a factor of two. Hence, even if all of the I, in the tested silica gel particles were
liberated in the flame, the maximum expected burning velocity reduction would be about 5 % for a 6 %
mass loading. In these experiments, such a difference in burning velocity would have been comparable to
the experimental uncertainty. For lower iodine desorption rates, the difference between the I,-laden and
unladen particles would have been undetectable.

Nonetheless, this result was not discouraging. From Table 3-11, the mass loading of Fe(CO)s can be
about half that of [,. However, the flame inhibition effectiveness of Fe(CO)s is far higher than I,. Thus,
further experiments were conducted on alternative means of introducing iron atoms into the flames and on
elucidating the potential synergism between super-effective metals and inert additives.

Complexes of Super-effective Metals
Super Agents and Complexing Ligands Considered

As a first step, the physical and chemical properties of complexes of potential super-effective metal
agents were compiled and surveyed. The complexes involved main group metals or transition group
metals with different ligands.

Table 3-11. Components of Metallic Complexes.

trifluoroacetylacetonate
(TFacac)

hexafluoroacetylacetonate
(Hfacac)

methoxide (OMe)
ethoxide (OEt)

Ligands Metals
Transition Group
Organic Halide Main Group Metals Metals
acetonate (ac) chloride (CI) Group III - aluminum copper (Cu)
acetylacetonate (acac) bromide (Br) (Al) titanium (T1)
oxalate (0x) iodide (I) Group IV - tin (Sb), chromium (Cr),

germanium (Ge), lead
(Pb)

Group V - antimony (Sb)

molybdenum (Mo)

manganese (Mn), nickel
(Ni), cobalt (Co)

iron (Fe)

For the metal-centered halides, it was found that the three most volatile compounds MX, were (in order of
volatility): TiXy < SnXy < GeX4. The bromides become volatile in the range 70 °C to 150 °C, while the
chlorides were higher, in the range (180 °C to 240 °C). Germanium iodide was the iodide compound with
the lowest boiling point, estimated near 350 °C.

For the organic-complexes, it was found that the order of volatility was generally

ox < ac < acac < OMe < OEt < TFacac < Hfacac.
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Examples of this include Cr(HFacac); and Cr(ac);, which sublime or decompose near 100 °C to 160 °C
and 210 °C to 280 °C, respectively, and Cu(HFacac),, Cu(TFacac),, and Cu(acac),, which sublime or
decompose near 130 °C to 180 °C, 180 °C to 210 °C, and 290 °C to 320 °C, respectively.

The relative volatility of complexes was dependent on the metal- or main-group-center atom. The order
of volatility for compounds with different ligands varied, dependent upon the ligand. Consequently, a
direct ordering was not exact. However, in general the volatility was

Al<Cu<Mo<Mn<Ni<Cr<Sn<Ti<Fe<Co<Sb<Pb<Ge

That is, aluminum and copper compounds were generally significantly less volatile than lead and
germanium compounds.

The selection of a metal complex for initial study was based on the following:

e Known high flame inhibition effectiveness. This narrowed the field to Pb, Cr, and Fe.

e Low toxicity. Pb and Cr compounds are generally toxic in most states, while Fe compounds
(other than the pentacarbonyl) are generally of low toxicity.

e The iron atom in the gas phase leads to the inhibiting iron-species intermediates, and that the
main property required for the parent molecule is that it readily decomposes at flame
temperatures to release iron atom.

e Ferrocene (Fe(CsHs), (or Fec) was known to modify the sooting tendency of flames,'*’*"**"7

added to materials as a flame retardant,”'® was an antiknock agent, and was used as a source of
iron atoms for kinetic studies. It is also far less toxic than Fe(CO)s.

was

Experimental Apparatus

Linteris and coworkers performed the first measurements of flame inhibition by ferrocene, and compared
its performance with that of Fe(CO)s and CF;Br in the same flames.'” They numerically modeled Fec’s
flame inhibition using the iron-species mechanism developed for studies of Fe(CO)s flame inhibition.
They also measured the performance of Fec in combination with other agents, including CO,, and CF;H.

The tests were performed in premixed flames of methane. Nonetheless, they are relevant to the
suppression of practical fires. Babushok and Tsang *'* observed that for a wide variety of hydrocarbons,
including methane, the burning velocity is most sensitive to the rates of the same reactions. Since these
reactions are the ones most influenced by an inhibitor, the trends in inhibitor effectiveness are the same
for most hydrocarbons. While burning velocity measurements are an important first step in assessing an
inhibitor’s effectiveness and testing mechanism performance, future research should test these highly-
effective agents in flames more closely resembling actual fires.

The premixed flame burner was the same as that described in the previous section, modified to
accommodate a new evaporator for ferrocene and heating of the gas lines and burner tube.'® The fuel gas
was methane (Matheson UHP, 99.9 %), and the oxidizer stream consisted of nitrogen (boil-off from liquid
N,) and oxygen (MG Industries, H,O < 50 L/L, and total hydrocarbons <5 L/L). The inhibitors used
were Fec (Aldrich), Fe(CO)s (Aldrich), CF;H (DuPont), CF;Br (Great Lakes), N,, and CO, (Airgas). The
Fe(CO)s was added to N, carrier gas using a two-stage saturator in an ice bath. Because the vapor
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pressure of Fec is much lower than that of iron pentacarbonyl, Fec addition at up to 650 pL/L required
both higher bath temperature (79.1 °C held within 0.1 °C) and higher nitrogen carrier gas flows (up to
2800 cm’/min) relative to Fe(CO)s. Also, the solid state of Fec required an evaporator with larger surface
areas for heat and mass transfer. The evaporator design, based upon that of Megaridis*"®, had a (30 + 5)
cm’ packed bed (to provide the bulk of the ferrocene), followed by 30 sublimation stages (to insure that
the carrier gas was saturated with Fec at the bath temperature). Each sublimation stage consisted of a
5 mm layer of ferrocene on a 2.36 cm diameter 60 mesh stainless steel screen. A 4 mm gap separated
each stage. The vapor pressure correlation of Pelino et al.**’ was used to determine the ferrocene fraction
in the carrier gas. Temperature controllers maintained the transfer lines at (80 + 3) °C and the burner tube
at (80 £ 1) °C. For all flames, the equivalence ratio (in the absence of inhibitor) was 1.0, and agent mole
fraction was calculated relative to the total reactant flow. The flows of fuel, oxidizer, Fec-N,, and the
blended agent (CO,, or CF;H) were mixed after the Fec evaporator. The inlet reactant stream temperature
was (80 £ 1) °C, which corresponded to a calculated adiabatic flame temperature of 2260 K and 2391 K
for uninhibited flames at X, 2,0x=0.21 and 0.244.

Numerical modeling

The laboratory flames inhibited by Fec and Fec-CO, blends were numerically modeled as one-
dimensional freely-propagating flames. Solutions were obtained using the Sandia flame code Premix,*”
and the CHEMKIN®* and transport property”” subroutines. Details of the calculations are provided
elsewhere.'” Little was known about the chemical kinetic behavior of ferrocene in flames. A rate
constant existed for its thermal decomposition: & =2.188 - 10'® exp(-384 kJ/RT) s™,**' but the activation
energy is high, leading one to suspect that reactions with radicals may also be important. Thermodynamic
data were available,”*** and the transport properties were estimates.”>**** A reaction set for combustion
of methane and larger hydrocarbon fragments was adopted from Sung et al.**® The iron chemistry was
from a mechanism developed for flame inhibition by Fe(CO)s.'™ Overall, the kinetic model contained
105 species and 677 reactions. Calculations showed that addition of CsHs at mole fractions up to
400 pL/L had negligible effect on the burning velocity, and that the major effect of Fec was from the iron
chemistry. It should be emphasized that the reaction mechanism used for the present calculations should
be considered only as a starting point. Numerous changes to both the rates and the reactions incorporated
may be made once a variety of experimental and theoretical data are available for testing the mechanism.

Flame Inhibition by Ferrocene

Figure 3-53 shows the relative burning velocity reduction with addition of Fec (open symbols) or Fe(CO)s
(closed symbols) to the present slightly pre-heated (80 °C) methane-air flames. (The uncertainties in the
experimental data, described in detail previously,”’ were typically about + 5 %.) The data are plotted as
normalized burning velocity, which is the burning velocity of the inhibited flame divided by the value for
the same flame in the absence of inhibitor. The uninhibited experimental burning velocities used for the
normalizations were (53.7 + 3) cm/s and (75.9 + 6) cm/s for Xo, .. = 0.21 and 0.244, respectively. For
comparison, the calculations for uninhibited flames using GRI-MECH 1.2 yielded 55.5 cm/s and 72.6
cm/s. The effect of the two agents was essentially the same, with very strong initial inhibition followed
by a loss of effectiveness above a few hundred puL/L of agent, as found previously for Fe(CO)s inhibition
in flames with reactants at 21 °C.%

Figure 3-53 shows that for both Fec and Fe(CO)s, the magnitude of the inhibition is strongly dependent
upon the oxygen mole fraction in the oxidizer, with flames with lower mole fraction of O, showing more
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rapid burning velocity reduction. As a result, blends of inert agents with iron-containing compounds may
greatly increase the efficiency over that of the inert alone.
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The modeling results for the ferrocene-inhibited flames are also shown in Figure 3-53. The calculations
predicted the flame speed reduction caused by ferrocene reasonably well. The major difference between
the ferrocene reaction scheme and that for Fe(CO)s was in the decomposition of the iron precursor. The
mechanism included only the high activation energy thermal decomposition step for Fec consumption:
FeC,oH;o -> Fe + 2 CsHs, which had a peak reaction flux at 1800 K in the present flames. In contrast,
iron pentacarbonyl decomposition had a peak reaction flux at about 900 K.

Figure 3-54 shows the normalized burning velocity for a methane-air flame with 400 pL/L of ferrocene as
a function of the hypothetical activation energy E, of the one-step decomposition reaction. In the
temperature range of the stoichiometric methane-air flame of the figure, the predicted inhibition effect of
Fec was independent of the overall activation energy of the decomposition of Fec for values of E, less
than about 400 kJ/mol. Hence, the decomposition rate of Fec used in the model (E, = 384 kJ/mol) did not
influence the predicted behavior. For other conditions, however, (for example non-preheated reactants
and highly diluted flames) the decomposition of Fec may need to be modeled more accurately to provide
agreement with experimental data.
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Since both the Fec and Fe(CO)s mechanisms used the same iron sub-mechanism, the mode of flame speed
reduction in the model was the same. Decomposition of the ferrocene molecule released iron atom in the
gas phase. Iron reacted with O, to form FeO,, which reacted with O atom to form FeO. FeO is a long-
lived intermediate, which together with Fe(OH), and FeOH, entered into the catalytic cycle for H-atom
recombination:

FeOH+H <> FeO + H,

FeO + H,O <> Fe(OH),

Fe(OH)z +H < FeOH + H,O

(net: H+ H < H,).

The modeling results showed that the stronger burning velocity reduction for the cooler flames (Xo, 0 =
0.21) was due to their smaller radical pool. In these flames, a given amount of iron removed a larger
percentage of the hydrogen radicals.

Ferrocene appears to be an alternative to the highly toxic iron pentacarbonyl for addition of gas phase iron
to a flame. Unfortunately, its effectiveness also appeared to diminish as the mole fraction increased. For
Fe(CO)s, the loss of effectiveness was due to the formation of condensed-phase particulates in the
reaction zone, and it was presumed that the same mechanism held for ferrocene.
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Inhibition by Ferrocene and CO,

It is desirable to take advantage of the strong initial flame speed reduction from iron species in the flame,
while avoiding the loss of active species due to condensation. Since addition of nitrogen clearly increased
the rate of burning velocity reduction at low mole fraction (note the results in Figure 3-53 for Xo, .. = 0.21
and 0.244), it was logical to determine whether other thermally acting agents could be combined with Fec
to mitigate the loss of effectiveness, and perhaps enhance the flame speed reduction at low Fec mole
fraction. It was known, however, that addition of an inert, while reducing the burning velocity, also
increases the residence time for particle formation in the flame, so that condensation would be increased.
It was not known a priori if the net effect of combining thermal and iron-containing agents would reduce
the overall reaction rate faster than the increase of the rate of active-species condensation.

Therefore, Linteris and coworkers conducted experiments to resolve this. Using the same apparatus, they
added CO, to the methane-air-Fec system. Figure 3-55a and Figure 3-55b present the experimental data
for tests at Xo,0x = 0.21 and 0.244. Data are shown for pure CO, as well as for CO, -Fec blends
corresponding to three values of the mole percentage of Fec in CO, (0 %, 0.25 %, and 1.5 % in Figure
3-55a, and 0 %, 0.4 %, and 1.5 % in Figure 3-55b).

For the pure compounds, addition of about 10 % of CO, (or 25 % N,) reduced Sp by a factor of two at
Xo,0r = 0.21 or 0.244. Adding Fec to CO, produced a particularly effective agent. The equivalent of
0.35 % Fec in CO, reduced the required CO; for a 50 % reduction in the flame speed by about a factor of
three at Xy Lox = 0.21 and about a factor of two at X, Lor = 0.244. The combination of 1.5 % Fec reduced
the required CO, by 10, making this blend about as effective as CF;Br (for which addition of about 1 %
halved the burning velocity). Nonetheless, the curvature in the ends of the data sets (particularly for
1.5 % Fec in COy,) illustrates condensation was important. Although one might expect the slightly cooler,
slower flames with added CO, to always show more condensation of iron species, the greater efficiency
of the catalytic cycle in the diluted flames predominated for most of the conditions for the flame of Figure
3-55. Higher effectiveness of iron compounds in diluted flames has been observed previously for flames
with Xp ox lowered below 0.21.%

The condensation behavior of the blends can be discerned from Figure 3-56a and Figure 3-56b, which
present additional data for CO, and ferrocene in stoichiometric flames with XOZ,ox = 0.21 and 0.244,
respectively. In Figure 3-55, CO, and ferrocene were added together in proportional amounts, whereas in
Figure 3-56, CO; is first added at a constant volume fraction (0 %, 2 %, and 6 % in 7a; or 0 %, 4 %, and
12 % in 7b), and then the Fec is added. This approach allows a clearer delineation of the effects of each
component of the blend. As the figures show, the curve with 0 % CO, (pure Fec) has a decreasing slope
magnitude as X, increases (due to increased condensation). For each of the other curves, the added CO,
reduces the normalized burning velocity before the Fec is added, so that each curve starts at a value less
than unity; addition of Fec further reduces the flame speed. Below an Fec volume fraction of about 70
L/L, the curves are all quite linear, showing that there no loss of effectiveness. But for curves extending
beyond this amount of Fec, there is increasing curvature as JXj, increases (due to condensation).
Nonetheless, at low mole fractions, the inhibition by Fec is actually stronger for conditions of higher CO,
mole fraction (note the larger magnitude of the slope for the 12 % CO; curve in Figure 3-56b). Hence, for
some conditions, adding CO, makes Fec more effective. As discussed below, once the particles start to
form, the deterioration of inhibition may be more rapid with added CO,. These results imply that
combinations of non-condensing quantities of several catalytic agents combined with a thermal agent can
be particularly effective.
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Inhibition by Ferrocene and CF;H

Many compounds, both thermally and chemically acting, are candidates for blending with catalytic
agents. Hydrofluorocarbons, which are easily stored at moderate pressure, were of interest since they
were being used as halon replacements. These compounds had been found to reduce the burning velocity
of premixed methane-air flames by reducing peak H-atom mole fractions by acting as a sink for H atoms
through reactions forming HF, and by lowering the temperature of the flame. Since they had also been
shown to reduce the equilibrium mole fractions of radicals in flames lower than expected based on
temperature reduction alone,”® they might show enhanced performance relative to CO, when combined
with catalytic agents.

Figure 3-57 presents the burning velocity reduction caused by pure CF;H addition to the above flames; a
mole fraction of about 5 % was required to reduce S by two. Data are also presented for addition of
0.35 % Fec in CF;H. Unlike ferrocene addition to CO,, in which 0.35 % Fec in CO, reduced the amount
of CO, required by a factor of about five, this amount of ferrocene in CF;H reduced the amount of CF;H
required only by about one-third. This poor performance may have be due to reactions between iron
species and fluorine, which would have reduced the gas phase mole fraction of the active iron-species
intermediates, effectively poisoning the iron catalyst.”**
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Since there existed no experimental data on the rates of reactions of iron species with fluorine containing
species in flames, the poisoning effect of fluorinated hydrocarbons on iron-catalyzed radical
recombination reactions was assessed through equilibrium calculations for the combustion products. The
species included in the calculations were those in the mechanisms for hydrocarbon oxidation, iron-
inhibition, and fluorinated hydrocarbon-inhibition,229 as well as the iron-fluorine species: FeF, FeF,, FeF;,
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Fe,F,, FezF6.197 Calculations were performed for the equilibrium products of a stoichiometric methane-air
flame with 1 % to 4 % CF;H containing 0.35 % Fec (the conditions of Figure 3-57). The results of the
calculations, shown in Figure 3-58, indicated that FeF and FeF, were major product species when CF;H
was added. For 1 % to 4 % CF;H, the amount of iron taken up by the sum of FeF and FeF, increased
from 42 % to 84 %, making less iron available in the form of the active iron intermediate species Fe, FeO,
FeOH, FeO,, and Fe(OH),. The formation of fluorinated iron species with strong bonds clearly acted as a
sink for iron in the flame, and reduced the mole fractions of active iron-containing species available to
participate in the flame inhibition reactions. While the experiments and calculations were performed for
CF;H, the results are likely to be the similar for larger HFCs such as C,HFs and C;HF; since the
decomposition of all of these proceeds largely through the CF3, CF,, and CFO intermediates.”""**
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Comparison of Individual and Blended Performance

The behavior of the blends of agents was investigated by comparing the actual amount of flame speed
reduction for the blend to the sum of the inhibition which would result from each agent individually. This
approach is illustrated schematically in Figure 3-59. This uses the inhibition index ®(X;,) of Fristrom and
Sawyer,”" where ®(X;)={{(Vo-V(Xi ))/Vo} {Xo0,0:/Xin} (and using the oxygen mole fraction in the
oxidizer). The index ®(X;,) is seen to be the magnitude of the average slope of the normalized burning
velocity curve (times XOZ,ox) evaluated at the mole fraction of interest X;,. For a given blend, one can
evaluate the amount of normalized burning velocity reduction that would have been caused by each
individual component of the blend, e.g., components @ and b. The predicted inhibition index is just a
linear combination of the reduction from each component, or X, - ®,.,(Xs, Xp)|pred = Xo - Pa( X)X Dp(X3),
in which a is the major component of the blend, (selected for defining ®,.,(X, X,)). The actual inhibition
index @,p(Xy, Xp)lacwar Was evaluated from the normalized flame speed of the blend (using X, in its
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definition). The ratio of X, @, (Xy, Xp)|actual 10 Xy Pa(X,)+X,- DPp(X,) provided a reasonable indicator of the
performance of the blend relative to the individual components.
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As Figure 3-60 shows, a blend of CO, and N, (in the molar ratio of 1:2) provided a performance index of
nearly 1.0 for N, added up to 12 % (i.e., containing 6 % CO, ). (The percent amount of the N,/CO, mix
plotted in Figure 3-60 was divided by two to allow plotting on the same scale.) In contrast, the poor
performance of the Fec-CF;H blend is clearly indicated by a decreasing performance index as Xj,
increases. For the COy/Fec blends, the combination worked slightly better than the individual
components at low X;, of the blend, and slightly worse at higher X;, . The good performance at low X,
was due to the higher radical super-equilibrium which occurred with flame dilution, as observed
previously for N, addition®®, and the degraded performance at higher .X;, was due to the longer residence
times for condensation which resulted from the lower flame speeds.'”® In Figure 3-60, the condition at
which the curves for Fec/CO, crossover the unity ratio correspond roughly to the location on the curves in
Figure 3-55, where the linear behavior has ended and the curvature begins.

Conclusions
The first data on flame inhibition by ferrocene showed that the efficiency of Fe(CO)s is not unique, and

that there may be methods for overcoming its loss of performance.

e Ferrocene was as efficient as Fe(CO)s at reducing the burning velocity of premixed methane
flames, but, like Fe(CO)s, lost its effectiveness at a mole fraction above a few hundred puL/L. The
experimental results were reasonably predicted by a gas phase iron inhibition mechanism. Thus,



224 Flame Suppression Chemistry

similar results can be expected for any rapidly decomposing, iron-containing agent that releases
atomic iron in the gas phase

o As with Fe(CO)s, the magnitude of the inhibition by ferrocene had a strong dependence on the
oxygen mole fraction. As a result, many combinations of CO, and Fec showed strong inhibition,
mitigating the loss of effectiveness observed for pure Fec or Fe(CO)s.

o These results suggest that an inert agent, together with multiple catalytic agents (to keep the
absolute mole fraction of each below the saturation point) may prove to be highly effective for all
conditions.

e In contrast to the results with CO,, blends of CF;H and Fec were not effective, implying that iron
species and halogens may enter into undesired reactions which poison the catalytic cycles.
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3.3.6 Potential for Loss of Effectiveness of Other Metals

There are multiple approaches for determining whether a metal will have a loss of effectiveness similar to
that of iron:

e Obtain experimental data for flame systems in which the loss of effectiveness is evident. This
requires that the inhibitor be added at volume fractions high enough to allow the loss of
effectiveness. Many of the early studies with metal compounds did not provide data to high
enough volume fractions to show the loss of effectiveness®® or the inhibiting effect was not
presented as a function of additive volume fraction (so the decreasing effectiveness was not
illustrated).”
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Note a reported presence of particles in some flame system. Although the presence of particles
depends upon the temperature of the flame, the concentration at which the metal moiety is added,
and the residence time for particle formation, the observed presence of particles in one flame
system is an indication that it may be important in other flame systems as well.

Consider the local metal species volume fraction compared to the its local vapor pressure in the
flame. A limitation of this method is that it relies upon knowledge of the metal species present in
a flame system, the mechanism of inhibition, as well as the vapor pressure (or gas phase and
condensed-phase thermodynamic data). Often, this information is incomplete. Further, the
kinetic rates of the formation of more stable oxides of the metal must be known to assess the
contribution of those compounds to condensed-phase particles (since often, the vapor pressure of
these oxides is very low; e.g., Fe,03).

Below, the available information related to the potential for condensation is presented for each metal
species of interest.

Cr

Bulewicz and Padley'* found particles in the post combustion region of premixed flat flames inhibited by
chromium through visual observation and by detecting continuum radiation from them. They also
observed saturation in both the inhibiting effect and in the concentration of gas phase Cr in the flame. In
addition, solid deposits were observed on the burner in premixed flames inhibited by CrO,Cl,, indicating
the potential for particle formation (similar deposits have been observed for premixed flames inhibited by
Sn, and Mn '” and for Fe.'” Hence, the potential for condensation of Cr species exists and may be
important in other flame systems. To further examine this potential, the vapor pressures of Cr, CrO,
CrO,, and CrOj; above Cr,0;, under neutral and oxidizing conditions are shown in Figure 3-61.
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Note that since Cr,O; is a particularly stable oxide, these vapor pressures will be lower than if the
equilibrium included other, less stable condensed-phase oxides. For example, in Figure 3-61, the blue
curve for Cr is for data for Cr vapor above Cr solid. Nonetheless, since it is not yet know for any metal
inhibitor what the composition of the condensed phase oxide actually is, the potential for condensation of
Cr species is illustrated. That is, many of the chromium oxides appear to have quite low vapor pressures.

Pb

The presence of PbO particles was detected in many engine knock studies,”*”>*'* and it was often

argued that the strong inhibition of knock occurred from heterogeneous radical recombination on the
particle surfaces. Although lead has been shown to be one of the more effective metal agents in flame
screening studies,** the additive mole fraction (maximum 150 pL/L) was not increased high enough to
show the loss of effectiveness that might occur. In the flash photolysis studies of Norrish et al.,”
however, the TEL concentration was systematically increased, and a drop-off in the effectiveness was
observed above a certain volume fraction. Hence, condensation is likely to limit lead effectiveness for at
least some applications. It should also be noted, that the high effectiveness of Pb in premixed flames
cannot be from particles since, as shown by Rumminger et al.,'” the collision rate of radicals with solid
particles is not high enough to account for the observed inhibition of premixed flames by super-effective
agents such as iron or lead. The vapor pressure of Pb and PbO are shown as a function of temperature in
Figure 3-62. The data for PbO, are too low to appear on this figure, and hence, condensation is clearly
possible for Pb-inhibited flames if PbO, readily forms in the inhibition cycle, or if other higher oxides
readily form.
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Mn

The effect of MMT on the flame speed of methane-air mixtures was measured by Linteris et al.,'”” as
shown in Figure 3-63. The data clearly show a saturation effect, which was beyond that due to lowering
of the radical concentrations. Additional tests in cup burner flames showed a much lower effectiveness
than expected, as well as a rapid loss of effectiveness for MMT as its volume fraction was increased. (See
Figure 3-23 inset.) The presence of solid particles was also observed visually, as were solid deposits on
the burner. The vapor pressure of Mn, MnO, and MnO, are shown in Figure 3-64. Since the volume
fraction necessary for flame inhibition exceeded 200 uL/L, the potential for condensation was apparent.
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w

There are no published data concerning particle formation or loss of effectiveness of flames inhibited by
tungsten compounds. A search for vapor pressure or thermodynamic data for tungsten oxides, hydrides,
and hydroxides allowed generation of the results in Figure 3-65. As shown, WO; has a quite high vapor
pressure at flame temperatures; on the other hand, the vapor pressures of WO, and W are low enough to
allow particle formation. Depending upon the flame reactions of W-containing compounds and their
rates, as well as the vapor pressures of other compounds which form in flames, condensation may or may
not be important.
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There are likewise no published data concerning particle formation or loss of effectiveness for flames
inhibited by Mo-containing species. The vapor pressures of Mo, MoO,, and MoO; for flame conditions
are shown in Figure 3-66. As for W compounds, the only species thought to participate in the catalytic
cycle for which vapor pressure data are available (WO; and MoQ;) have quite high vapor pressures.
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The results for Sn are similar to that of Mn. At the volume fractions necessary for effective flame
inhibition, a loss of effectiveness was observed in premixed flames, although not as dramatic as for Mn

(Figure 3-67); particle deposits were observed on the burner.

Cup burner tests showed much lower

effectiveness than expected, as well as a further loss of effectiveness as the Sn volume fraction increased
(Figure 3-23 inset), and solid particles were observed both in the flame and deposited on the burner. The
vapor pressures of Sn, SnO, and SnO, are shown in Figure 3-68. Clearly, condensation is possible at the
3000 pL/L volume fraction needed for flame inhibition.
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The data for Co effectiveness in various flame systems has not been measured as a function of Co

concentration.

Hence, a loss of effectiveness at higher concentrations has not been demonstrated.

Likewise, particle formation in flames with added Co has also not been reported. The available vapor
pressure data for Co oxides and hydroxides are shown below. Since CoO is an intermediate species in the
proposed inhibition mechanism of Co in H,-O,-N, flames, and total Co loading in the flame is expected to
be on the order of several thousand pL/L, condensation may occur. On the other hand, depending upon
the relative rates of the inhibition reactions, the volume fraction of CoO may not build up too high, and
hence it’s propensity to condense could be lower than Figure 3-69 might lead one to believe.
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Cu

As shown in Table 3-3, copper salts have been used in experiments on engine knock, ignition
suppression, radical recombination above flat flames, as well as in flame screening tests. The compounds
were added either as aqueous sprays or directly as particles. There has been no mention in the literature
of observed particle formation after decomposition of the additive, or of any loss of effectiveness at
higher mole fractions. Only one of these studies ran experiments over a range of additive mole
fractions,”’ and in it, they attributed changes in the performance with additive mole fraction to heating
effects of the particles (not condensation of active species or saturation of the radical recombination
cycle). Hence, it was difficult to assess from previous work if condensation were possible for copper-
based inhibitors. To assess the condensation potential, Figure 3-70 assembles the available vapor
pressure data for copper compounds which may exist in flames. Although data are not available for other
possible hydrides, oxides and hydroxides (e.g., CuH, CuOH) CuO and Cu,O have quite high vapor
pressures, and that of Cu is also relatively high at flame temperatures.
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Sb

Although the only flame data for antimony inhibition®* did not go to high enough concentrations to show
loss of effectiveness, antimony may form condensed-phase particles in flames. In studies of polymers
with added Sb,O; and halogen, Fenimore and Martin'** showed that the fire retardant effect increases
linearly with Sb,O; at low mass fractions of Sb,O;, but saturates at some value, above which further
addition of Sb,0; is ineffective. Hence, the fire retardancy effect of antimony shows a strong saturation,
much like that for iron, manganese, and tin in cup burner flames.'® To illustrate this, the data in Figure
3-23 (CO; required for extinction with metal species added) are re-plotted below in Figure 3-71 in terms
of the limiting oxygen index (based on N,). The top of the figure shows the limiting oxygen index for
polyethylene/halogen blends as a function of the volume fraction of the metallic inhibitor in the gas
phase. The curves for Sb,0; were calculated based on data available in Fenimore and Martin."*® The
effectiveness of the antimony/halogen system saturated at Sb,O; volume fractions near 400 uL/L (based
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on Sb). On the bottom of the figure, curves for Fe, Mn, and Sn added to the air stream of heptane-air cup
burner flames are also shown.'™ Although those experiments were conducted with CO, added as the
diluent, the data were converted to an equivalent LOI with nitrogen diluent by correcting for the
difference in heat capacity between N, and CO,.
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Figure 3-71. Equivalent N,/O, Limiting Oxygen Index for Extinction of Polyethylene
(PE)-halogen- Sb,0; Blends'*® and Methane-air Cup Burner Flames with MMT,
Fe(CO)s, and Sn(CHs),.

Although the influence of Fe, Mn, and Sn on the LOI when added to the air stream of methane-air cup
burner flames was much weaker than that of Sb,O; in halogenated polyethylene, a similar saturation
behavior was observed. It would be of value to understand why saturation occurs in the antimony-
halogen system, since it has not been explained in the literature.

3.3.7 Flame Inhibition and Loss-of-effectiveness Summary

The current state of understanding of the inhibition of flames by metal compounds is summarized in
Table 3-12.
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Table 3-12. Current State of Knowledge Relevant to Inhibition Potential of Metals, and

Loss of Effectiveness due to Condensation. ﬁ: high, i : medium, :i: low, -none.
Inhibition Condensation
Information Information

Element

Inhibition Potential

Gas phase Species Identified

Kinetic Mechanism State of Development

Demonstrated Loss-of-Effectiveness

Experimental Evidence of Particles

Experimental Vapor Pressure Data

Cr

Pb
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The inhibition potential is summarized in terms of the known inhibition behavior, the detection of metal-
containing species in flames, and the state of development of a kinetic description of the inhibition. The
knowledge of the potential for loss of effectiveness is characterized in terms of the demonstrated loss of
effectiveness in flame systems, the presence of particles, and the availability of vapor pressure data for the
condensed-phase metal-containing species. In the “Inhibition Potential” column, the quality of the
information is rated as high, medium, low, and none, not the inhibition ability itself. Even for elements
such as iron, which has been the most extensively studied, there were fragmented data on the gas phase
species in flames, the gas phase kinetic mechanism had many estimated rate constants and the dominant
inhibition cycles were assumed, and vapor pressure data for some of the important intermediates were not
available. As the table illustrates, most of the information needed to accurately predict both the inhibition
potential as well as the potential for loss-of-effectiveness were incomplete.

The last row in the column shows the state of information relevant to flame inhibition by phosphorus
compounds. Due largely to NGP research, the state of understanding of the inhibition potential, the active
species for flame inhibition, and the kinetics of the inhibition cycles are fairly well known. However,
there is not nearly as complete an understanding of the potential for loss of effectiveness due to
condensation of intermediate species formed in a flame. The only data which indicate, indirectly, a
potential for condensation are the cup burner extinguishment data from researchers at New Mexico
Engineering Research Institute,”” in which the volume fraction for extinguishment is high relative to
other flame systems. In a section below, the NGP work to understand the gas phase flame inhibition
mechanism of phosphorus compounds is described in detail.

Approaches for Ascertaining the Potential of Metal-containing Compounds

Actually calculating the condensation potential of metal inhibitors in flames is quite challenging. To do
this in a quantitative way requires knowledge of the species present in the flame, the inhibition
mechanism with its associated rate constants, the vapor pressures of the metal species, the condensation,
agglomeration, and re-evaporation rates for the particles, and the actual species present in the particles.
This is far from being achieved even for iron, the most highly studied metal.

An alternative way to assess the potential for condensation of metal inhibitors in flame systems may be
simple screening experiments with cup burners. In order to determine both the variation with
concentration, as well as the potential benefit of using the metal compounds with inert agents, tests need
to be conducted with the added metal compound and a secondary inert agent added together. In such a
test, described above and in the literature®®''***® the amount of a diluent (e.g., CO,, or N,) added to the air
stream necessary to cause blow-off of the cup burner flame is determined, both with and without the
metal agent added at increasing concentration in the oxidizer stream. Since, to some extent, the flames
resemble the low-strain conditions of fires, there is expected to be much higher correlation between the
behavior in this system and in actual suppressed fires. By adding the metal compounds in the form of
organometallic agents (rather than metal salts), the complicating effects of particle evaporation and
decomposition are avoided.

A more empirical approach to evaluating metal-containing compounds would be to add them to a solid
propellant-based extinguisher. There is inert gas in the effluent, as well as fragmented metal-containing
species, so that by proper application to an appropriate fire, the utility of the metal additive could be
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assessed at a larger scale. The challenge would be to find a configuration which has the proper sensitivity
to the inert gas flow so that the effects of the additive could be quantified.

Approaches for Overcoming Condensation

There may exist approaches for overcoming the loss of effectiveness of metal compounds due to
condensation of metal oxides. For example, halogens could be used to attack the metal oxide and provide
metal-halogen species in the gas phase. As described by Hastie and co-workers,'* the halogen in the
antimony-halogen fire retardant system acts to release the antimony from the condensed phase through a
series of halogenation steps involving successive oxychloride phases.'” Bromine has been used in the
past to etch off the lead oxide deposits on engine valves, and halogens are used to remove the oxide
coating from the incandescent filament in quartz-halogen light bulbs. It is clear that halogens can release
metals from solid oxides, and it may be possible to use this property to re-introduce the metals from the
condensed oxide into the gas phase where they can again inhibit the flame. Finally, the use of carboxylic
acids as extenders of antiknock agents'® (through the formation of metal salts which can persist in the gas
phase) leads naturally to the question of whether such an approach would work for metal-based fire
suppressants as well.

3.3.8 Conclusions

Extensive analysis of published data and new data obtained from experiments and calculations has
enabled new understanding of the flame-inhibiting mechanisms of metal-containing compounds and their
potential as successors to halon 1301.

o There are several metal atoms whose compounds have shown very high effectiveness at reducing
the rates of the chemical reactions that propagate flames. These are iron, manganese, chromium,
antimony, lead, and tin. NGP research has also uncovered additional metals whose compounds
are likely to be effective at low concentrations, but which had not been suggested in previous
reviews of metal flame inhibition. These are tungsten, molybdenum, and cobalt.

e Most of the metals discussed above have the potential to lose their effectiveness at concentrations
below those needed to extinguish flames, due to condensation of the active species. Were this
condensation to occur in practical fires, compounds of these metals would likely not demonstrate
fire suppression capabilities commensurate with their high flame velocity inhibition efficiency
that was observed when added at low concentration to laboratory premixed flames. On the other
hand, for the metals W, Mo, Co, and Cu, there is no direct evidence of the potential for loss of
effectiveness, and the vapor pressures of the suggested flame-quenching species (for which data
are available) are reasonably high. In general, prediction of the potential loss of effectiveness is
beyond the current state of the art. Empirical testing in a cup burner or a solid propellant fire
extinguisher (Chapter 9) is needed.
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3.4 PHOSPHORUS
3.4.1 Introduction

Reasons for Interest

Phosphorus-containing compounds (PCCs) are known to be effective at reducing flammability, with some
ambiguity as to whether their effectiveness in these applications can be attributed to gas phase reactions
involving phosphorus. The use of various PCCs as fire retardant additives to plastics™”**® has increased
dramatically*® in recent years, with the 1998 estimated U.S. market for organophosphorus fire retardants
at 80 million 1b.**" In this application, the relative importance of gas phase chemistry and solid-phase
effects such as char promotion has been debated, with recent work suggesting comparable importance for
the two mechanisms, depending on the specific PCC chemistry.”***'** Monoammonium phosphate has
been used for many years as a dry chemical fire-extinguishing agent,”” and has also been found to be
very effective in preventing dust explosions.”****’ Since it is applied as a powder, it is possible that
physical properties may contribute substantially to its effectiveness. (See Chapter 4.) Finally, phosphorus
is often applied in combination with halogens, making it difficult to assess the contribution of the
phosphorus. For example, a mixture of trialkyl phosphates and CF;Br for fire-fighting applications has
been patented.””® Phosphorus and halogens often appear in the same molecule as well: a recent evaluation
of phosphorus compounds as halon replacements focused on fluorinated phosphazenes and phosphines,
showing good flame suppression properties for these compounds in cup burner and streaming tests.>***°

The NGP was thus interested in developing further understanding of how PCCs affect flames, with the
intent of using this knowledge to identify and screen candidate chemicals as successors to halon 1301.
Such foreknowledge was necessary because of potential obstacles to their use as flame suppressants:

e Many, if not all, of these compounds, have low vapor pressures at ambient temperature.”' (See
Chapter 7.)

e Some PCCs have a significant heating value due to alkyl and alkoxy groups attached to the
phosphorus atom.

o There are diverse bonding states of the phosphorus atom and a variety of ligand groups within the
realm of PCCs. The import of these to flame suppression effectiveness was uncertain.

e PCCs range in their toxicity from non-toxic, essential food constituents and FDA approved
additives to some of the most toxic compounds (chemical warfare agents) known.**2%

Chemical Effects

Well-characterized investigations of the flame inhibition properties of PCCs have been sparse, and in
some cases ambiguous or contradictory.

o Korobeinichev et al. investigated the flame structure of low-pressure, premixed stoichiometric
H,/O,/Ar flames with the non-halogenated PCC additives trimethyl phosphate (TMP)** and
dimethyl methylphosphonate (DMMP).”** They compared oxygen profiles in flames with and
without the PCC additive, interpreting more rapid oxygen consumption as flame promotion and
less rapid oxygen consumption as flame inhibition. Both DMMP and TMP acted as inhibitors in
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the low-temperature zone near the burner surface and as promoters in the higher-temperature
region downstream.

e Fenimore and Jones™ found that TMP addition produced no change in the oxygen consumption
rate in a low-pressure, rich, Hy/O,/Ar flame. In a more dilute, rich flame at atmospheric pressure,
they observed a reduction in the oxygen consumption rate with increasing TMP loading.

e A more comprehensive study was conducted by Hastie et al.”>* with TMP, triphenylphosphine

oxide and POCI; additives in premixed and non-premixed atmospheric-pressure propane,
methane, and hydrogen flames. PCC effects were evaluated from measurements of H radical
concentrations and burning velocities. Inhibition was observed for rich and lean flames with
temperatures up to 2350 K. At higher temperatures, flame promotion was observed. Inhibition in
premixed flames has been observed in terms of reduced laminar flame speeds for several
halogenated PCC additives and one non-halogenated PCC additive, TMP.**

A more complete literature review of the influence of PCCs on flames can be found in References 79 and
257.

The emerging premise for flame suppression by PCCs was as follows. Phosphorus-containing radicals,
such as HOPO and HOPO, (formed from PCCs during combustion®***) catalyze the recombination of
the important combustion radicals, H and OH, slowing the overall reaction rate and thus inhibiting the
flame.”® Since it is the phosphorus-containing radicals that participate in the recombination mechanism,
and not the parent PCC, the form of the parent compound is relatively unimportant."” If supporting
evidence were found for this hypothesis, then further studies of flame inhibition by PCCs could
investigate alternative forms of the parent compounds that might be less toxic and more amenable for
delivery to the flame.

Several mechanisms for catalytic cycles resulting in H + OH — H,O and H + H — H,, have been
suggested.'****2%20 partial validation of the radical recombination hypothesis was provided by flow
reactor experiments showing that the addition of PH; (phosphine) to H,-O, combustion product gases
increased H+OH recombination rates following laser photolysis.”® Flame experiments have also shown
that the presence of PCCs affects radical levels. The addition of small quantities of the POCI;, a
halogenated PCC, produced lower OH levels in non-premixed methane and ethene flames than did other
halogenated compounds not containing phosphorus.*” The addition of TMP lowered H levels in premixed
low-pressure H,/O,/N, flames under rich, dilute conditions, and raised H levels under stoichiometric, less
dilute conditions.*

Transport Effects

A key factor affecting suppression is the amount of the additive reaching the non-premixed flame,*" and
several studies ****"'% of both fuel-side and oxidant-side doping of various fuel/inert vs. oxygen/inert
flames have found dramatic changes in additive effectiveness with these changing conditions. When
hydrocarbons are burned in air, the stoichiometric contour, where the flame is assumed to be, is situated
on the oxidant side of the stagnation plane. Fuel-side additives must diffuse across the stagnation plane to
reach the flame, while air-side additives are convected through the flame. The result is that fuel-side
additive mole fractions at the flame are substantially reduced from their fuel-stream values, while
oxidizer-side additive mole fractions are only slightly reduced from their oxidizer-stream values. The
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extent of this additive loading reduction at the flame location varies with the stoichiometric mixture
fraction (Zy), defined as the mass fraction of material originating from the fuel stream at the location
where the concentrations of reactants are in stoichiometric proportions. For hydrocarbon/air flames, Z is
typically < 0.1. Considerably different values of Zy can be achieved by varying the compositions of the
fuel and oxidant streams, either via dilution or enrichment. For Z,>0.5, the flame is on the fuel side of
the stagnation plane, and additive loading reduction at the flame is more severe for oxidant-side additives
than for fuel-side additives.

In several experimental studies of flame extinction by CF;Br, the effect of additive loading reduction at
the flame location has been quantified, assuming unity Lewis number. Results have been mixed. For
methane/air opposed-jet diffusion flames, Trees et al.”*' found that CF;Br was roughly twice as effective
as an air-side additive than as a fuel-side additive, when the quantity of additive at the stoichiometric
contour is compared for equal extinction strain rates. Work by Masri®’, on the other hand, found that
oxidizer-side and fuel-side addition of CF;Br had very similar effectiveness in extinguishing turbulent
natural-gas/air piloted jet flames, when corrected for additive concentrations at the flame location. Niioka
et al.*® reported comparable effectiveness for fuel-side and oxidizer-side addition in extinguishing various
ethene/nitrogen vs. oxygen/nitrogen opposed-jet diffusion flames, including one with Zy >0.5. Close
examination of the Niioka data showed that the fuel-side addition was generally less effective than
oxidizer-side addition.

Temperature Effects

Extinction studies under a variety of flame conditions found a significant temperature dependence for
DMMP effectiveness, with higher effectiveness being observed at lower stoichiometric adiabatic flame
temperatures.'”” The existence of a temperature dependence for phosphorus-based flame inhibition was
first suggested by Hastie and Bonnell in 1980,”° but since then there has been little investigation of this
behavior. There is one computational study on premixed flame speeds,”’ but aside from Reference 79,
there has been no experimental work in which flame temperature has been systematically varied.

The influence of flame temperature on inhibition effectiveness is an important consideration in evaluating
the feasibility of new phosphorus-based flame suppressants, and has direct bearing on how to maximize
their effectiveness in practical applications. The indicated trend implied that a mixture of inert and
phosphorus-based suppressants could interact synergistically as the inert component cooled the flame,
thus increasing the efficiency of the chemically active component. This would lower the needed quantity
of the chemically active component, thus reducing system weight and decreasing environmental concerns
and possible health impacts. A similar temperature dependence has been demonstrated for CF;Br,
including the observation of synergistic interaction with the inert suppressants N,, CO, and H,0.'***
Increased effectiveness at lower flame temperatures has also been observed for the iron-based suppressant
Fe(CO)s. '

3.4.2 Inhibition of Non-premixed Flames by Phosphorus-containing Compounds

Fisher and co-workers” examined the inhibiting effects of two PCCs: dimethyl methylphosphonate
(DMMP) [CAS #756-79-6, P(=0)(CH;)(OCHj3),], and trimethyl phosphate (TMP) [CAS #512-56-1,
P(=0)(OCHs;);], along with other additives for comparison, on a non-premixed methane-air diffusion
flame. Their results have led to greater understanding of how a phosphorus-containing fire suppressant
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would act to quench flames and developed some guidance for the selection of candidate PCCs for this
purpose. Their research:

e Established a novel and sound protocol for conducting such experiments.

e Measured the effectiveness of the two PCCs relative to other, reference suppressants and to each
other.

e Determined how the flame inhibition effectiveness of the two additives changed as a function of
the agent loading and the adiabatic flame temperature, using the reduction in [OH] as a marker.

Experimental
Apparatus and Materials

The opposed-jet burner is shown schematically in Figure 3-72.
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The burner was constructed from straight, open glass tubes 30 cm long with an ID of 0.98 cm, and a
separation distance of 0.95 cm between opposing nozzles. Annular sheath flows of nitrogen were
provided through 2.22 cm ID glass tubes. The sheath tube exits were offset by approximately 1 cm,
upstream of the reactant tube exits, to minimize the impact of the sheath flow on the development of the
reactant flows. A flat flame was produced when the oxidant and fuel stream velocities were such that the
flame was situated in the central portion of the space between the burner nozzles. The entire burner was
isolated in a glass enclosure for control of exhaust gases. This enclosure was purged with nitrogen and
maintained slightly below atmospheric pressure.

The burner was aligned vertically with the lower tube used as the fuel source and the upper tube as the
oxidizer source. The results of a few experiments conducted with the reverse orientation to study the
effect of buoyancy showed no significant change in extinction strain rate.

The extreme sensitivity of the extinction strain rate to the mass fraction of oxygen in the oxidizer stream
necessitated very precise metering of reactant flows in order to achieve repeatable results. Precision mass
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flow controllers, supplied by MKS Industries, were used to measure reactant flows. Even so, to minimize
variability, measurements comparing doped and undoped flames were conducted by first evaluating the
undoped extinction strain and then adding the dopant to one reactant stream without otherwise altering the
composition of either stream.

Most of the extinction measurements were conducted using premixed oxygen and nitrogen (21 % £ 0.2%
oxygen by volume) or Ultra Zero Grade air (21 % £ 2% oxygen by volume, total hydrocarbon content
< 0.1 pL/L) as the oxidizer and methane (99 % pure) as the fuel. All gases were supplied by MG
industries. For the extinction measurements with flame and stagnation plane coincident, oxygen
(99.994 % pure) was mixed with nitrogen (99.998 % pure) in measured proportions to form the oxidizer
stream, and the methane fuel was diluted with nitrogen (99.998 % pure).

The chemically active flame inhibitors, DMMP and TMP, were obtained from Aldrich Chemical
Company (each 97 % pure). They were liquids at room temperature with low vapor pressures (less than
100 Pa at ambient temperature). In order to maintain sufficient concentrations of the PCC in the vapor
phase, the reactant lines were heated to approximately 100 °C with electrical heating tapes. Wall
temperatures on the outside surface of the heated lines were measured with adhesive thermocouples. The
temperature of the reactant streams 10 cm upstream from the exit of the nozzles was maintained at
100 °C £ 1 °C via active control of the sheath flow temperature. These final reactant temperatures were
measured by sheathed thermocouples in direct contact with the gas flow. The liquid PCC dopant was
added to the reactant streams via a syringe pump that provided a constant volume flow. The gas flow at
the injection site was preheated to approximately 130 °C for a rapid vaporization of the incoming liquid
dopant. The liquid density, syringe size, and motor speed fixed the mass flows of the dopants. Previous
pyrolysis experiments with DMMP and TMP ****** have shown that thermal decomposition is negligible
below 1000 K; thus the preheating of the reactant streams should have had no effect on their chemical
composition.

Measurements

The enclosure had a glass window on one end, approximately 25 cm from the centerline of the flow. A
video camera, located a few centimeters from this window, was used to measure flame position. Flame
position was measured relative to the oxidizer nozzle exit plane using the separation gap between the
nozzles for reference.

OH concentration measurements were made using pointwise LIF. Figure 3-73 shows a schematic of the
experimental set up. Profile measurements were made by traversing the laser beam and collection optics
simultaneously across the flame in 100 um steps. The translation stages used had a resolution of 10 um.
Excitation of the P(9) transition of the A<—X (1,0) band near 286 nm was made using a frequency-
doubled Quanta Ray PDL 2 pulsed dye laser, nominal linewidth of 0.2 cm™, with rhodamine 590 dye.
This transition was selected due to the weak temperature dependence of the rotational ground state
population in the temperature region of interest (< 10 % variation for 1400 K < T <2500 K), which helps
maintain a strong LIF signal across the entire OH profile. The dye laser was pumped with a 6 ns to 7 ns
pulse at 532 nm provided by a frequency-doubled Spectra Physics DCR 2A Nd:YAG laser operating at
10 Hz.
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Figure 3-73. Schematic of LIF Apparatus.

Detection of OH fluorescence was performed at 90° to the laser beam axis using an RCA 8850
photomultiplier tube and color glass filters (Schott WG305 and UG11) which transmit light in the
305 nm to 371 nm range. The photomultiplier signal was amplified by a SRS240 Fast Preamplifier
(Stanford Research Systems). The filter combination used blocks elastically scattered laser light (and
near-elastic resonant fluorescence) while passing fluorescence emission from the (1,1) band (312-326 nm)
and emission from the overlapping (0,0) band (306-320 nm) which can occur following collisionally
driven Vibrational Energy Transfer (VET) from the v = 1 to the v = 0 states. At atmospheric
pressure, VET rates can be significant’®?*® with more than a third of the total measured fluorescence
originating from the (0,0) band when using excitation/detection schemes similar to this.”*’ Fluorescence
trapping of emission from the (1,1) band was negligible due to the small population of the electronic
ground state with v’> = 1 over the temperature range under consideration. Some trapping occurred for
fluorescence emission originating from the (0,0) band, but the effect was small due to the short path
length through the flame (less than 1 cm) and is not expected to influence the measurements.”**** PAH
fluorescence®® was expected to be negligible because the moderately strained laminar flames under
investigation were virtually soot-free. This was confirmed by measurements taken with the dye laser
tuned off resonance. The combination of the focused (f = 30cm quartz focusing lens) UV laser beam and
slits in the detection optics give a probe volume of less than 100 um in diameter and 1.5 mm in length.
The opposed-jet burner flame was locally planar near the centerline with the long axis of the probe
volume aligned in the plane of the flame surface. Laser pulse energy was monitored using a UV-sensitive
photodiode. Both the LIF and laser energy signals were integrated on a shot-by-shot basis using an SRS
250 Boxcar Integrator and Averager (Stanford Research Systems), and recorded on a personal computer
using a GW Instruments data acquisition card. Operation within the linear LIF regime was ensured by
checking the linearity of LIF signal strengths with pulse energy for all measured data points.>”

To avoid errors associated with wavelength drift of the dye laser and the resulting changes in the spectral
overlap of the laser and molecular absorption line shapes, the output wavelength of the dye laser was
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scanned across the P;(9) transition at each measurement location using a stepper motor to adjust the
grating in the dye laser cavity. 100 measurements of OH fluorescence and laser pulse energy were
acquired at each half-step of the motor (corresponding to a wavelength change of approximately
0.0012 nm), and the half-step motor position with the maximum average ratio of fluorescence signal to
laser pulse energy was taken to be the absorption line center for the transition. LIF data for that half-step
motor position were used for the subsequent evaluation of OH concentration. The repeatability of this
procedure was found to be within £ 5 % of the mean observed ratio. The average ratio of OH
fluorescence signal to laser pulse energy was found by fitting the 100 measurements to a straight line
using linear regression analysis. The statistical uncertainty (one standard deviation) in the fitted slopes
was less than + 3 %. Additional uncertainty in these slopes arose from statistical uncertainty in the
measurement of the zero level in the presence of electrical noise from the Nd:YAG laser. Statistical
scatter in the zero measurement (+ one standard deviation) corresponded to an uncertainty of = 3 % to
5 % of the peak slope for all data points in the profile. In addition to shot noise and electrical noise, the
statistical uncertainty in the measurements reflected fluctuations in flame location. For these
aerodynamically stabilized flames, perturbations in the reactant flow can cause small, momentary flame
displacements. The 100 shot LIF averaging process largely compensated for these oscillations. The total
uncertainty for each measured data point in a given profile due to random errors was found by summing
the contribution of the uncertainties described above (assuming statistical independence) and is estimated
to be less than + 10 % of the peak value in the profile.

In order to quantify the fluorescence measurements, corrections for collisional quenching and the fraction
of the OH population that is in the pumped rotational level must be made. However, the overall effect of
these corrections on the profile shape is small, as is expected for our excitation/detection scheme in non-
premixed atmospheric-pressure flames.”’'*”  Equation 3-3 relates the fluorescence signal to the
concentration of OH assuming low laser energy (i.e. negligible saturation of the excited transition):

F = CBIfN® (33)

Here F is the total fluorescence signal, C is a constant that incorporates geometric factors such as
collection solid angle and probe volume as well as detector efficiencies and gain characteristics of the
integrators, amplifiers etc.; B is the Einstein coefficient for stimulated absorption; 1 is the spectral
overlap integral between the laser intensity and the molecular absorption line shape, temporally integrated
over the duration of the laser pulse; N is the total OH population, and f is the fraction of the population
that is present in the ground state rotational level excited by the laser; and @ is the fluorescence quantum
yield, which depends on the local quenching and VET rates.

Species and temperature profiles from the undoped-flame calculations were used to estimate the required
corrections to the linear LIF data for both doped and undoped flames. The fraction of the ground state
population in the pumped rotational level is determined using the local gas temperature given by the
calculations and assuming rotational thermal equilibrium (Boltzmann distribution), as implemented in the
spectral simulation software LIFBASE.*”*

The total fluorescence yield, @, was estimated using:**’
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A +——4,
D= (3-4)
O +Vo
where A; and A, are the spontaneous emission rates for the v’ = 1 and v’ = 0 vibrational levels,

respectively. Equation 3-4 has been simplified by assuming equal transmission and detection efficiencies
of the collection optics and PMT for both the (1,1) and (0,0) bands. Q; and Q, are the total quenching
rates for the v’ = 1 and v’ = 0 levels, and V;, is the total VET rate from v = 1tov’ = 0. The
influence of VET rates on the fluorescence quantum yield is primarily due to the higher spontaneous
emission rate of the v’ = 0 state (A;/Aq =~ 0.575) *”. The quenching and VET rates were evaluated using
Equation 3-5.267276

.V = (%ijZ 2, on ot (T) (3-5)

where P is pressure; T is temperature; k;, is Boltzmann’s constant; ; is the mole fraction of OH collision
partner species i; <v>j oy is the mean relative collision velocity of species i and OH given by <v> oy =
(Ska/nui_OH)l/z, where p.on is the reduced mass of species i and OH; and GiQ’V(T) is the value of the
quenching or VET (superscript Q or V respectively) cross section for collisions with species i, averaged
over all rotational levels in a given vibrational level, assuming rotational thermal equilibrium.

Substitution of Equation 3-5 into Equation 3-4 followed by some algebraic manipulation yielded:*"’

4 <GQ>0 <0V>10 |
o :ﬁ (AOJ <UQ>1 ' <0Q>0
0, <a">10 (3-6)

where <62, <6%>, and <c">, represent the sum over all collision partners of the thermally averaged
cross sections for quenching from v’ = 1, quenching from v’ = 0, and VET from v’ = 1tov’ = 0,
respectively. Quenching cross-section measurements for the v’ = 1 and the v = 0 state indicated
similar values.”®*” The ratio of averaged VET cross sections to the averaged quenching cross sections
was assumed to be independent of position in the flame (e.g., <c">¢/<c®>) ~ constant). As a result, the
quantity in square brackets in Equation 3-6 became a constant, and the fluorescence yield was simply
inversely proportional to the quenching rate for the v = 0 state. The error in the assumption
<6">¢/<c®>) ~ constant was less than 5 %. Values for the quenching rate cross-sections used in this
work were taken from temperature-dependent quenching cross-section data compiled by Tamura et al.*”’
from the extensive measurements that have been made for the v’ = 0 state of OH.

The calculated quenching rate varied by 15 % across the OH containing regions in N,-O, flames. This
variation was moderated by the presence of a large concentration of N, which has a relatively small
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gradient in the flame zone. For flames where Ar (a highly inefficient quencher) fully replaced N,, the
variation was substantially higher at 30 %.

The same quenching environment was assumed for flames both with and without DMMP loading. The
maximum phosphorus loading was only 715 w/L. Since the mole fractions of phosphorus-containing
species were small in this case, it was expected that they would not contribute significantly to quenching
of OH. Changes in major species profiles due to the presence of DMMP were not expected to be large
enough to significantly change the overall quenching environment. Changes in flame temperature due to
the addition of these small loadings of DMMP were also found to be negligible (< 10 K).

After correcting for the fluorescence yield and the Boltzmann fraction of the pumped rotational level, the
corrected LIF profile was directly proportional to OH concentration. An estimate of the scaling constant
relating the corrected LIF measurements to absolute OH concentrations was made by matching the peak
of the measured profile from the undoped flame to the peak OH concentration predicted by the flame
calculations. This matching did not affect observations of PCC effects on OH, which were all presented
normalized to the undoped flame measurements. For profiles measured in flames doped with
phosphorus-containing additives, the scaling constant was determined from undoped profiles taken on the
same day with the same instrument settings. Because the same constant was used for both doped and
undoped flames, quantitative comparisons could be made between the two cases. Determination of the
magnitude of the scaling constant was performed by minimizing the mean-square-error between
calculated and measured profiles (via a least squares technique). For this minimization, only data points
above 50 % of the measured peak value were considered. Minimization of error was performed via
adjustment of the scaling constant and a position offset (i.e., the offset between the measured flame
center, as indicated by the translation stage micrometers, and the computational flame center).
Determination of this scaling constant calibrated the constant C from Equation 3-3, assumed to be
constant for a given set of instrument settings. This scaling procedure affected only the magnitude and
position of the observed fluorescence profile and not the shape or width.

Determination of Extinction Strain Rates

The flame strength can be characterized by the strain rate at extinction,””**” and here, the effectiveness of

additives as flame inhibitors was determined by measuring the dependence of extinction strain rate on
additive loading. The inverse of the strain rate is one of several related measures of the characteristic
diffusion time of the flame.”®® The strain rate at extinction was approximated using the following
expression involving global flame parameters:”®

2V Vir PE
a, = 3 1+

(3-7)

Vodro

where L refers to the separation distance between the nozzles, V is the average stream velocity at
extinction, p is the stream density and the subscripts O and F refer to oxygen and fuel respectively. This
expression is equal to the velocity gradient on the oxidant side of the stagnation plane under certain
restrictive conditions: reactions, diffusion, and viscous effects must be confined to a narrow region around
the stagnation plane, and plug flow boundary conditions must be imposed at the nozzles. Under less
restrictive conditions, this expression has been determined experimentally to be nearly proportional to the
local oxidant-side velocity gradient: Recent measurements performed in an open-tube burner with
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geometry very similar to our own have found a nearly proportional relationship between the a, of
Equation 3-7 and the maximum local velocity gradient on the oxidant side of the flame, as measured by
laser-Doppler velocimetry.”®'  The same proportionality was found to hold for methane/air and
propane/air flames, with and without flame-inhibiting additives in the air stream. Thus, Equation 3-7 can
be used to determine relative changes in extinction strain rates obtained on the same apparatus. In
particular, the ratio of doped to undoped a, measured using Equation 3-7 should be equal to the same ratio
of local oxidant-side velocity gradients. The validity of this approach was borne out by the good
agreement between the current data and those of other researchers for inert additives.

In determining extinction conditions for use in calculating ay, Fisher and co-workers developed a novel
method for approaching extinction, motivated by a need to minimize transient effects of dopant loading.
Commonly, extinction studies with opposed-jet burners adjusted the strain rate by varying both the
oxidizer and fuel streams simultaneously so that the flame position remained constant,” or so that a
momentum balance between the two streams was maintained.*® This required varying the mass flows of
both reactant streams, and resulted in changing concentrations of the inhibiting agent when the agent was
delivered via a constant-mass-flow syringe pump. The resulting transients in the adsorption/desorption of
the agent on walls made it difficult to predict the concentration of agent at the exit plane of the doped
reactant stream at extinction.

The new method circumvented the difficulties associated with dopant loading transients. The
concentration of dopant in the relevant reactant stream (fuel or oxidizer) was fixed by maintaining
constant flows of all the constituents of the doped reactant stream. After waiting a sufficient time for
equilibrium conditions to be established, extinction was approached by varying only the flow of the
undoped stream. One consequence of using this method is that the position of both stagnation plane and
flame varied during the extinction experiment. This was found to have only a minor influence on the
measured extinction strain except when the flame or stagnation plane was very close to one of the
nozzles.

To validate this method, experiments were performed over a large range of methane and air flows,
achieving extinction with the flame in a variety of positions. Figure 3-74 shows the resulting global
extinction strain rates (a,) as a function of the observed flame position.

The extinction strain of the undoped flame varied only + 2 % (from a mean value of 359 s™) for flame
positions between 0 mm and 7mm. This region of consistent global extinction strain rates was denoted as
the acceptable region. For experiments in which extinction occurred with the flame outside the
acceptable region, large deviations in a4 occur.

Also shown in Figure 3-74 are sets of data from experiments conducted with a 300 uL/L doping of
DMMP and 50,000 puL/L doping of N,, both in the oxidizer stream. (The limited number of data points in
the DMMP series was a result of the coarsely quantized mass flows of dopant available from the syringe
pump.) Because of the inhibitory effect of the DMMP or N, additive, these data sets had markedly lower
mean global extinction strain rates than the data for the undoped flames. However, both data sets showed
the same systematic trends with flame position, and both had only small variations in extinction strain
over the acceptable region.
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The existence of the same acceptable region for a range of flame extinction strain rates validated this
method for approaching extinction