Evaluation of Fiber Reinforced Polymer
Bench Scale Specimen Sizes and
Prediction of Full Scale Flame Spread
Testing for Building Applications

Development of a Flame Spread Screening
Tool for Fiber Reinforced Polymers
A Major Qualifying Project Report
submitted to the Faculty of
WORCESTER POLYTECHNIC INSTITUTE
in partial fulfillment of the requirements for the
Degree of Bachelor of Science

By:

Christian Acosta

Shawn Mahoney

Nicholas Nava

William Wright
May 2013
Project number: NAD FM12

Professor Nicholas A. Dembsey, Advisor



Table of Contents

F XU g To T o 11 TR RR i
N 014 - Y oY= Y d o] a1} il 2= o To | FS USRS ii
2. ACKNOWIEAGEMENTS. .. ... eeiiieeee ettt e e e e e e et re e e e e e e e ssetrbteeeeeeeesasssssaseeaaessaanssssasaeaessssansrnns iii
T AN o 1) 4 - [ PP U OO PSP PPTPUPTOTRUPRRINt iv
4. Evaluation of Fiber Reinforced Polymer Bench Scale Specimen Sizes and Prediction of Full Scale
Flame Spread Testing for Building APpliCatioNns ........c.ueeiiiiiieiiiiiie et aaee e 1
4.1 TadgoTe [¥To1dTe] o WO O TP P PO PRR PR 1
4.2 2o =4 o 181 o [P SRR 2
421 CONE CalOIMELEN ..ottt sttt e et e s bt e e sbe e e st e e s be e e s b e e sabeesanteesabeeenneas 2
4.2.2 ASTIM E84 — TUNNEI TOST ettt ettt ettt st sttt e b e s e e 3
4.2.3 Materials Used in This STUAY .....cciiiiiiiiiiiie ettt e et e e e aae e e e areee s 4
4.2.4 International BUilding COOE .....ooiiuiiiiiiieee ettt et e e e e e e e aaeee s 4
4.3 EdZE BUIMNING ANGIYSIS c.uutiiiiiiiiiie ettt sttt s sttt e s e e st te e e ssbae e e s sabaeeessasaeeesansseeesansseeessnsseeean 5
43.1 Semi-Infinite Analysis: One-Dimensional Case ........cccceerciiieiriieee e 5
43.2 RESUIES .ttt st st et b e b e e bt eae e et e e e b e be e sheesaeesane e 6
4.4 Cone Calorimeter Specimen Size COMPAriSON .......ccuiieiiiiieeeectreeeeciteeeerree e e e erre e e esbeeeeeenreeeseensees 6
441 Temperature Profile COmMPariSON ........ccuiiiiiiiie e e e st e e e eaaeee s 7
4.4.2 Temperature Profile Comparison RESUILS........uiviiiiiiiiiiiiie e 7
443 CONE TESHING PrOCEAUIE .. .uiiiiiieieee ettt e et e e s e e e e e e e e sbee e e esabeeeeenarees 8
4.4.4 ASTM E1354 Test Specimen COMPATiSON ...ccccuuviiiiieieeieriiiieeeeeeesssiirreeeeeesssssnereeeeessssnsnens 10
445 Result of Comparing Tested SPECIMENS......cccuuiiiiiiiiee ettt e e e e evee e e e 11
4.5 Flame Length SCreening TOO .....cocuuiii ittt e e e e e e srre e e e rae e e enaraee e eeanes 12
4.5.1 Governing EQUation ..., 12
45.2 ASTM E1354 Cone Calorimeter Test Procedure .........cccoeceeeniienieeeiieeniee et 13
4.5.3 Creating Composite Heat Release RAte .......ceivciieiiiciiiii ettt 14
45.4 F={aT i A oY T B L] - 1 PSPPI 15
455 FINAl COMTeIation...cc..eeeiiiiie ettt st et st st e b e b e sbeesnees 15
4.5.6 Single Incident Heat FIuX Correlation.........ceeeiciieei it 16
4.5.7 Ability to Pass ASTM E84 QUICK SCrEEN....cccuuviiiiiiieie ettt ettt aaee e 17
4.6 International Building Code Proposed Changes ..........cccovccciieieeeeeieccciiieeee e eecrvree e e e e 18

4.7 [000] o Tol [V 1o s TR 19



4.8

5.1

5.2

53

54

5.5

5.6

L =YL= 11T PRPPPPRRRPPRIR 20

PN o] 01T 0T [T 1P PEPPRE 22

Appendix - International Building Code.........uiiiiiiiiiiiiie e 23
REFEIEINCES ..ttt et b e bt e s bt s st et e et e e bt e s beesheesat e sanesabe e bt e neenneesnees 24

Appendix — ASTM E84 TUNNEI TEST .....uuviiieiiiee ettt ettt e e e e e e e e e e e areee s 25
5.2.1 ASTIME mEB4 ...ttt e ettt e e e e e st r et e e e e e s e s b et e e e e e e s e s annrreeeeeeesenaann 25
5.2.2 Dimensions Of TSt Chamber .........coiiiiiiiieie e s 25
523 TESTING CONAITIONS. ..eiiiiiiiiie ittt e s e e s st e e s s abee e s ssabeeesennbeeesennsens 25
5.2.4 I AT aY = e o Tol<To [ LSRR 26
5.2.5 Specimen ClassifiCatioNS .......cicciiiii it e e are e e e s raae e e e s entaeeeeans 26
5.2.6 REFEIEINCES ..ttt st ettt e b e shee st s bt e b e b e beennees 26

Appendix — ASTM E1354 CoNe CalOrimMeter....ccciuiiiiiiiiiee ittt et e e e e ssre e e s sareeessaneee s 27
53.1 CONE CalOIIMELEN ..eeiiiiiieeeee ettt sttt e st e st e e s abe e sabe e e sabe e st e e sneeesaneeennes 27
5.3.2 PrOCEAUIE [5] ciiieiireiiieee ettt ettt e eeer e e e e e e e aabe e e e e e eeesesasbaeeeeeeeeessssrsneeseessennsnns 28
5.3.3 DY 1Yol 01T Yo N 1 [ USSP 29
5.3.4 (01 o8| X 4 oY E 1) PP RRRRRR 29
5.3.5 RETEIENCES ..ottt ettt st e st e s sat e e sbe e e sabeesabeesnteesabeeeneeas 31

Appendix - EJZe BUINING ANGIYSiS....ciiuuiiiiiiiireiiiiiee ettt e ssiree e ssiteeessereeesseaee s sssaeeessnsseeesssneees 32
5.4.1 Graphed Temperature Changes: IHF of 25kW/m?, SOKW/m?*& 75kW/mM?.....cvvevveeerenene. 33

Appendix — Theoretical Temperature Profiles........ccccueeeioiiiiicciiecce e 35
5.5.1 2 ToYUTa Yo - VA o] oo 114 o] o - SRR 37
5.5.2 Y o F= Yo L= =Tt o] USRS 38
553 Equations Used in CalCulation.......c..uiiiiiiiiiiiiiie ettt e s s e e e 45
554 RESUIES ..ttt et e st s bt e st e e ab e e s be e e sab e e sbe e e nteesreeennneas 54
5.5.5 CONCIUSION ..ttt ettt e s e s sbte e sabe e st ee e ateesbe e e saseesnbeesneeesaneeennes 59
5.5.6 REFEIEINCES ..ttt sttt ettt e s bt e shee st sar e e b e e b e e nbeesnees 60

Appendix - Cone Calorimeter Statistical ANAlYSIS ......ccuveeeriiiiiiiiiiee e 61
5.6.1 Terminology/NOMENCIATUIE ......ccveiiieeiiecee ettt ettt st ebe et enteesaeeeanas 61
5.6.2 o Tol=To [0 gy 4 Y= =T o Vo I WSRO 61
5.6.3 N QT | Y 13RS 61
564 TIME 1O IGNITION ...ttt e e e e e st e et e e e e s e s ennrneeeeesesanannns 63

5.6.5 Average HRRPUA from Time to Ignition -30's,-60s, - 90, - 120 S....cvvveeevrreeeesnreeeecnneenn, 66



5.6.6 CONCIUSION ..ttt e e bt e e bt e s be e e s mr e e sabe e e sareeeareeeaneeesaneeennes 79
5.6.7 AppPeNndix - SAMPIE CalCS ...uvriiiiiei it e e e e e e e rre e e e e e e e e s enareeeeeeaeeenannes 80
5.7 Appendix: Cone Calorimeter Inter- and Intra- Differences......ccccoveeevcieeeecciiee e, 81
5.8 PN o] o< gt [ = B - [ =Y a 1 1= o T 89
5.8.1 REFEIEINCES ..ttt st ettt e bt e sbee st san e s b e e b e nbeennees 93
5.9 Appendix - Cone Analysis Database.......ceeccciiiiiiiie e 94
59.1 HRRPUA: 100 Mm X 100 MM SPECIMENS ....vvvvveereirreirereeereeenrerseeeemsesrerersesesmsmsesrrrsmermmmemms 94
5.9.2 HRRPUA: 175 mm X 175 MM SPECIMENS ..ceeiiiiiiiiiiiiiee ettt et e e e e e e 101
59.3 Cone Analysis: 100mm x 100mm & 175mm x 175mm comparison ........ccccceeeevveeeecnneennn 108
5.9.4 Time to Ignition and End of 1d BUrning Data..........cceeecuieeiieiieee et 116
5.9.5 HRRPUA: No Edge Frame 100 mm x 100 mm SPECIMENS........ccccvveeeeririeeeerrieeeeeveeeeeennes 120
5.9.6 Cone Analysis: No Edge Frame vs. Standard Comparison ........cccccceeeeeeeccciiieeeeeeececvnneen, 123
5.9.7 HRRPUA: AddItioNal TESTS ..ceeiuiiiiiiieiiieeite ettt ettt et ree e st e e e e e e s e s 126
59.8 Stair Step IHF Cone TeSt Data ...cciiiiiiiiiiiiiiiiiiiieeiieeeeeeeeeeeeeeeeeeeeeeeeeeeseereeeseseseseseseseseseseseseane 128
5.10 Appendix - E-84 Flame Length Correlations from Cone Calorimeter Data.........cccccceeeuveeeennnen. 136
o700 015t R o = Yo o T =17 ={ o PSPPIt 136
5.10.2  EQUAtIONS t0 BE USEA ...ciiieiiiiiiiiiie ittt ettt e st et e s ata e e s s ita e e e sata e e s ssraeessnnaeaean 137
5.10.3  Materials Collected for Correlation .........cceeveeiiieeiiee et 138
5.10.4  ASTM 1354 TeSt PrOCEAUIE...ccocuttiiiieiite ettt ettt ettt et sreesbee e sabeesbeessneeesbeeesnneeas 138
5.10.5 Composite Heat Release Rate Calculations ........cccoccviviieciiiiecciiee e 145
Lo O N ST o [V E= Y 4 o] A N 1 LY A 1P 150
5.10.7  Final Adjustment t0 IMOTEI .........oviiiiiiiieeee e et e e e e araeeean 171
5.10.8  Single Incident Heat FIUX MOl .........ooiiiiiiiiiiiiie et 180
5.10.9  Ability to Pass ASTM E84 QUICK SCrEeN.......cceivcuiiiiiiciiiieeciiee ettt e eae e e saaaee s 187
5.10.10 CONCIUSION ..ttt ettt st e st e s bt e e st e e sbe e e bbeesabeesabeeesabeesans 189
5.10.11 REFEIEINCES ..ttt sttt et et e b e sbe e saeesaee e 190

List of Figures

Figure 1: Cone Calorimeter Schematic Drawings (Left: Cone burner assembly. Right: entire Cone assembly.) ........... 2
Figure 2: SChematiC Of TUNNEI TESt......uiiii et e e e e e e st e e e e et e e e eate e e e ntaeeesanaeeesnsseeeennsaeesnnsenas 4
Figure 3: Semi-Infinite Analysis at 50kW/m2 ................................................................................................................. 6

Figure 4: Steady state temperature profiles for both sample sizes at IHF ok BOKW/M. e sesnaes 7



Figure 5: Temperature Profiles at 50 kW/m? IHF (Standard and Extended Size) ......ceeeecveeeriveee e 8

Figure 6: Cone Calorimeter Adjustments for 175mm by 175mm SPECIMEN ......eeiiiiiiiciiiiieee et e e e 9
Figure 7: Burn Diameter Diagram of extended SAMPIE. ......coiciiii it e e s e e s ete e e e snee e e s ereeeeanes 10
Figure 8: Incident Heat Flux over the First 4.5 Feet for 3 Time SegmeNnts.......ccovviiiiiiiiciiiieee e 13
Figure 9: Incident Heat Flux over Time for the 3 BUIN AFEaSs .......cccuieeeeiiieiciieecciiee e et e esre e e stre e e s ssee e e ssnsaeeessreeeennns 13
Figure 10: Composite Heat Release Rate fOr CP 286 .......cccueiiiiiiieiiiieieeiie ettt ettt ettt e 14
Figure 11: Calculated Flame Length Extension vs. KNOWN Of CP 286 .........cccccueiiiiiiieeeiiiie e ciree e stee e sevee e e stree s 16
Figure 12: Calculated Flame Length Extension vs. KNOWN Of CP 286 .......cccceovieiiiiiiieniiienieesiieesee et 17
Figure 13: Peak HRR per unit area versus Time to Ignition to Receive FSI of 25 for Proprietary Kastone Coated FRPs
..................................................................................................................................................................................... 18
Figure 14: Peak HRR per unit area versus Time to Ignition to Receive FSI of 25 for Non-coated FRPs..........cccuueeenee. 18
Figure 15: Flame Front Distance vs. TIMe EXaMPIE ..coouiiiiiiiiieieeiee ettt e 23
Figure 16: IBC Table 803.9 giving interior wall and ceiling finish requirements. .........ccccccoeoiiieiiiie e 24
FIGUIE 17: CONE SCREMATIC c..uteeeiiieitie ettt ettt ettt ettt e b e st b e s bt e s bt e s abe e e beesabe e e bt e sabeeebeeebeeennneeanees
Figure 18: Smoke Measuring System

Figure 19: Temperature at Depth IHF 25 KW /M e 33
Figure 20: Temperature at Depth IHF 50 KWV /017 ettt e e s e e eeeee e s e s eseeseesaeeeeseseeeneeseeneeeeeraees 33
Figure 21: Temperature at Depth IHF 75 kW/m2 ......................................................................................................... 34
Figure 22: Standard Specimen Configuration Equation NUMDEIING.......c..eeivciiieiiiiee ettt see et see e st e s 46
Figure 23: Extended Specimen Configuration Equation NUMBEIING .........cooiiiiiiiiiiii i 51
Figure 24: Steady state temperature profiles for both sample sizes at various IHF's. ........cccceveiiiiiiiiei i 55
Figure 25: Temperature Profile Graph at IHF of 25 kW/m2 ......................................................................................... 56
Figure 26: Temperature Profile Graph at IHF of 50 KWV /01 ettt e s s st se e seseeseeseeerensens 57
Figure 27: Temperature Profile Graph at IHF of 50 kW/m2 ......................................................................................... 58
Figure 28: Burn area determination for extended SAMPIES. .......cccciiiieeiii e e s e s 66
Figure 29: Kreysler 1 HRRPUA Difference Graph at IHF of 25 kW/m2 ......................................................................... 83
Figure 30: Kreysler 2 HRRPUA Difference Graph at IHF of 25 KW/ <ttt se s s ssesrenes 83
Figure 31: Kreysler 1 HRRPUA Difference Graph at IHF of 50 kW/m2 ......................................................................... 84
Figure 32: Kreysler 2 HRRPUA Difference Graph at IHF of 50 KW/ <ttt se s s ere s sneeee 84
Figure 33: Kreysler 1 HRRPUA Difference Graph at IHF of 75 kW/m2 ......................................................................... 85
Figure 34: Kreysler 2 HRRPUA Difference Graph at IHF of 75 KW/ ettt s s eeereseesneeee 85
Figure 35: CP 286 HRRPUA Difference Graph at IHF of 50 kW/m2 .............................................................................. 86
Figure 36 CP 702 HRRPUA Difference Graph at IHF of 50 kW/m2 ............................................................................... 86
Figure 37: CP 802 HRRPUA Difference Graph at IHF of 50 KWV /I e s reereeeeenen 87
Figure 38 CP 286 HRRPUA Difference Graph at IHF of 75 kW/m2 ............................................................................... 87
Figure 39: CP 702 HRRPUA Difference Graph at IHF of 75 KWV /I <ot ese s s eeeenen 88
Figure 40: CP 802 HRRPUA Difference Graph at IHF of 75 kW/m2 .............................................................................. 88
Figure 41: Kreysler B Parameter Graph .........ci ittt r e e e ettt e e e s ta e e e aaae e e stteeesssaeeesnnaeesansseeeannes 91
Figure 42: CP Samples B Parameter Graph........uiiiieiii ittt ettt e e e e e e etrar e e e e e e e ettt eeeeeeeeeansbaseeaeeennns 91
Figure 43: CP 286 Sample B Parameter Graph ........oueii it erree e ee e e rre e s are e e st e e e enta e e ssnnaeesensseeennnns 92
Figure 44: CP 702 Samples B Parameter Graph.......o . e iiee et iieee ettt esite e st e e s satte e ssaaeee e sbeeessssteessnasaeessnseeessnnns 92
Figure 45: CP 802 Sample B Parameter Graph ........ocuieeoiiiie ettt e sttt e e e rtte e e s rtn e e e st e e e e nta e e sensaeeesnsaeeeennns 93
Figure 46: Standard Size Kreysler HRRPUA IHF 20KW/MN7 <o 94
Figure 47: Standard Size Kreysler HRRPUA IHF 25K/ N ettt e e es e s et es e er s s ereeeeereerans 95
Figure 48: Standard Size Kreysler HRRPUA IHF 3OkW/m2 ........................................................................................... 95

Figure 49: Standard Size Kreysler HRRPUA IHF BOKW/IMN? <ottt e et se e s s st eseseessesseesessessassassenes 96



Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74
Figure 75:
Figure 76:
Figure 77:
Figure 78:
Figure 79:
Figure 80:
Figure 81:
Figure 82:
Figure 83:
Figure 84:
Figure 85:
Figure 86:
Figure 87:
Figure 88:
Figure 89:
Figure 90:
Figure 91:
Figure 92:
Figure 93:
Figure 94
Figure 95:

Standard Size Kreysler HRRPUA IHF SOkW/m2 ........................................................................................... 96

Standard Size Kreysler HRRPUA IHF 75kW/m2 ........................................................................................... 97
Standard Size CP HRRPUA THF 15KW/M7 w.....oeieeeeieeeeeeeeeee e esee e ee e ee s see e s e eeeee e se s eessesseons 97
Standard Size CP HRRPUA THF 20KW/M ......ooovuieecoeeeeeeeeeeseeeeeseeesseessesseesses s ses s sses s ssssssessnssnnnes 98
Standard Size CP HRRPUA THF 25KW/M7 .....veoieeeeeieeeeeeeeeeeeeseeee s esee e s se s see s se s se s eessesneans 98
Standard Size CP HRRPUA THF 30KW/M? w......uovuioereeeeeeeeeeeeseeseeseaeseeesssesseesses s ses s sses s es s snssannes 99
Standard Size CP HRRPUA THF AOKW/M7 ......oueeeeeeieeeeeeeeeeeeseeeeesee e eeee e s se s see s eessese s e ees s se s eessesseans 99
Standard Size CP HRRPUA IHF 50kW/m2 .................................................................................................. 100
Standard Size CP HRRPUA THF 75KW/M7 ..o eeeseeee e seeee e e s ss e see e sse s esesseesse e 100
Extended Size CP 286 HRRPUA IHF 25kW/m2 ........................................................................................... 101
Extended Size CP 702 HRRPUA THF 25KW/M7 .. .ooiveeeeeeeeeeeeeee oo eeeee e see s 101
Extended Size CP 802 HRRPUA IHF 25kW/m2 ........................................................................................... 102
Extended Size Kreysler 1 HRRPUA IHF SOkW/m2 ...................................................................................... 102
Extended Size Kreysler 2 HRRPUA IHF 50kW/m2 ...................................................................................... 103
Extended Size CP 286 HRRPUA IHF SOKW /M7 ....o.vueeeeeeeseeeee e ee e seees s eseese s eses e sse e 103
Extended Size CP 702 HRRPUA IHF 50kW/m2 ........................................................................................... 104
Extended Size CP 802 HRRPUA IHF SOKW/M7.....covueeeeeeeeeesee e seeee e seees e es e ee s sse s ssesneons 104
Extended Size Kreysler 1 HRRPUA IHF 75kW/m2 ...................................................................................... 105
Extended Size Kreysler 2 HRRPUA IHF 75kW/m2 ...................................................................................... 105
Extended Size CP 286 HRRPUA IHF 75kW/m2 ........................................................................................... 106
Extended Size CP 702 HRRPUA THF 75KW/M7....eoveeeeeeeeeeeeee e se e se s se e 106
Extended Size CP 802 HRRPUA IHF 75kW/m2 ........................................................................................... 107
Kreysler 1 HRRPUA Comparison between Sizes IHF 25K/ oo sesreees 108
Kreysler 2 HRRPUA Comparison between Sizes IHF 25kW/m2 ................................................................. 108
Kreysler 1 HRRPUA Comparison between Sizes IHF BOKWW/IN e e e s s see s 109
Kreysler 2 HRRPUA Comparison between Sizes IHF SOKW/M2 .....ooooiiiiiiieeeccieeecee ettt 109
Kreysler 1 HRRPUA Comparison between Sizes IHF TSR/ <o s s seerenes 110
Kreysler 2 HRRPUA Comparison between Sizes IHF 75kW/m2 ................................................................. 110
CP 286 HRRPUA Comparison between Sizes IHF 25/30 kW/m2 ............................................................... 111
CP 702 HRRPUA Comparison between Sizes IHF 25/30 KW/M ..o.vriueeeereereeeeeeeeeeseeeeeseeseeesseseesssesesens 111
CP 802 HRRPUA Comparison between Sizes IHF 25/30 kW/m2 ............................................................... 112
CP 286 HRRPUA Comparison between Sizes IHF 50 kW/m2 ..................................................................... 112
CP 702 HRRPUA Comparison between Sizes IHF 50 kW/m2 ..................................................................... 113
CP 802 HRRPUA Comparison between Sizes IHF 50 kW/m2 ..................................................................... 113
CP 286 HRRPUA Comparison between Sizes IHF 75 kW/m2 ..................................................................... 114
CP 702 HRRPUA Comparison between Sizes IHF 75 kW/m2 ..................................................................... 114
CP 802 HRRPUA Comparison between Sizes IHF 75 kW/m2 ..................................................................... 115
Kreysler Sample Average Time to Ignition COMPAriSON .......ccovcuiieeeiiieeciieee e e e e e e eer e e e eanaeas 116
CP Sample Average Time to Ignition COMPAriSON ......ccccuiiiiieeeieiiciiiee e e e e e e e eeearre e e e e e e eenrraeeeeeeeenes 117
Average End of 1D Burning Time Comparison at IHF of 25 KW/ et reenen 118
Average End of 1D Burning Time Comparison at IHF of 50 kW/m2 .......................................................... 118
Average End of 1D Burning Time Comparison at IHF of 75 KW/ oo reenen 119
No Edge Frame HRRPUA Kreysler 1 at IHF of 50 kW/m2 .......................................................................... 120
No Edge Frame HRRPUA Kreysler 2 at IHF of 50 KWW/ e e e e e seeereeeans 120
No Edge Frame HRRPUA CP 286 at IHF of 50 kW/m2 ............................................................................... 121
No Edge Frame HRRPUA at IHF of 50 kW/m2 .......................................................................................... 121



Figure 96: No Edge Frame HRRPUA CP 802 at IHF of 50 KW/ ettt e s s seeese e sseseaenaees 122

Figure 97: Kreysler 1 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m2 ........................................ 123
Figure 98 Kreysler 2 No Edge Frame to Edge Frame Comparison HRRPUA at 50 KW/ e reeenen 123
Figure 99: CP 286 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m2 ............................................. 124
Figure 100: CP 702 No Edge Frame to Edge Frame Comparison HRRPUA at 50 KW/ e 124

Figure 101:
Figure 102:
Figure 103:
Figure 104:
Figure 105:
Figure 106:
Figure 107:
Figure 108:
Figure 109:
Figure 110:
Figure 111:
Figure 112 :
Figure 113 :
Figure 114 :

Figure 115

Figure 116:
Figure 117:

Figure 118

Figure 119 :
Figure 120 :
Figure 121:
Figure 122:
Figure 123:
Figure 124:
Figure 125:
Figure 126:
Figure 127:
Figure 128:
Figure 129:
Figure 130:
Figure 131:
Figure 132:
Figure 133:
Figure 134:
Figure 135:
Figure 136:
Figure 137:
Figure 138:
Figure 139:
Figure 140:
Figure 141:

CP 802 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m2 ........................................... 125
Standard Size CP Sandwich Panel HRRPUA at IHF of 50 kW/m2 ............................................................. 126
Extended Size CP Sandwich Panel HRRPUA at IHF of 50 kW/m2 ............................................................ 126
Size Comparison CP Sandwich Panel HRRPUA at IHF of 50 kW/m2 ........................................................ 127
HRRPUA CP 286 Stair StEP HEATING..cciviiiiiieiiiiieieieeeeeeeeeeeeeeeeeteeeeeeete ettt 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 e eeeeaeeeees 128
Average HRRPUA CP 286 Stair Step HEAtING ..cccvvvviiiiiiiiiieieiiieceeeeeceeeeeccceeeeececcceeeeeeeeeeeeeeeeeeeeese e e s eeesesenenens 128
Average HRR CP 286 Stair Step HEAtING «.cccviiiiiiiiiieeeeeeceeeeeeeeeeeeeeee ettt e e e e e e e e e 129
Composite HRR CP 286 After Condensing Stair Step HEating .......ccceevuveeeciiiiecieee e 129
HRRPUA Kreysler 1 286 Stair Step HEAtING ....ccivciiiiiiieieiiie ettt stee e e st sive e e s sbae e s 130
Average HRRPUA Kreysler 1 Stair Step HEating.....cccccviieecieee ettt etee e s e et e e eaees 130

Average HRR Kreysler 1 Stair Step HEating......coouiiiieiiiieiieeit ettt 131
Composite HRR Kreysler 1After Condensing Stair Step Heating .......ccoccveeeiciiieccciee e 131
HRRPUA FSI .075 Stair StEP HEAtING ...eviiiiiiiiiiiie ittt e 132
Average HRRPUA CP 286 Stair Step HEating.....cvviviiiiiiiiiiiiiiiciicccceeeeeeeteteeeeeeeeeeeneeeeeeese e e e e e e een e 132
2 Average HRR FSI .075 Stair Step HEatiNg ......viviveieiiiiiieieiit et 133
Composite HRR FSI .075 After Condensing Stair Step HEating ........ccocvveeeiiieeieciee e 133
HRRPUA FXE .090 STair STEP HEATING ....ueeeiiiiiiie ittt ettt ettt e e ettt e e e s s e sabea e e e e e s e ssbaaeeeee s 134
: Average HRRPUA FXE .090 Stair Step HEatiNg ...ccvviiiiiiiiiiiiiiiiiieeeceeeeeeeeteeerteeeeeeeeeeeeeeseeene e eeeeeeeeeaeaas 134
Average HRR FXE .090 Stair STep HEatiNg ....cvviiiiiiiieiieiee et 135
Composite HRR FXE .090 After Condensing Stair Step Heating........cccoccvveeeiiiieecciie e 135
Incident Heat Flux at TWO FEEE OVEI TIMIE ...uiiiiciiee e ceree e ctee et e et e see e e et e e e eee e e snsaeeesnteeesnnnes 139
Incident Heat Flux per Distance in E-84 TUNNEL........cc.ueiieciii e cceee ettt tre e e evae e e e eareeeennes 140
IHF Over The First 4.5 FEEt PeI TIME couuiiiiecieeeceieeeecteeeeetee e stee e et e e estee e e saaeeessnteeeesnsaeeesnsaeeesnsseeesnnnen 141
TUNNEI TEST BUIN ABAS....eiiiiiiiieeeiiiieeeeiite ettt e ettt e s sttt e e sttt e e ssabeeeesbteeessbaeesaabteeesasbeeesnsaeesanbaeessasseeennns 142
Incident Heat Flux over The First 4.5 FEet Per TiME ....uiiiciiriiieeeeeiee e eette et e et e e eee e e e e e e snae e e snees 142
IHF for 3 Burn Sections in BUIrN Area OVEL TIME ....uiiiieeiiieerieesieesieessieesreesseesresssseessessssnssssessnseesssessns 143
IHF for 3 Burn Sections in BUrn Area OVEr TiME .....couueiiueerieenieenieesieesieesreesteesreesseesseesaseesseesaneesas 144
IHF for 3 Burn Sections in BUrn Area OVEr TiME . ....couueirieerieerieenieesieesieesreesateesreesseesseesareesseesaneesas 145
HRRPUA fOr All SAMPIES CP 286 .....oeeeieeieeeeiiee ettt ettt ee et ettt e e st e e e e satae e ssnsaaeessreeessstaeesnsseesansseenannes 147
Average HRRPUA fOr THre@ Areas CP 286 ......ccoccuuiiieeie et e e e ettt e e e e e e e crate e e e e e e esabaaaee e e e e s nnnaaeeaaas 148
Average HRR fOr Thre@ Areas CP 286 ......ccccueieiiiiiieeiiieeeeieeessiteeeestreeesereeessaeeeesataeessnnsasesssneeessnssessannes 148
COMPOSIEE HRR CP 286 ...ttt ettt e s e e e e e e e e s e e e s e e e e e e e e e e e s e e e e e e e e e e e e e e e eeeeeeseaeanseseaeanaesnansesnns 149
Composite HRR per unit Width CP 286 ........ccecciiiiiiiiie et ereee et e e aare e s saa e e e s tre e e e nra e e e ennneas 149
Flame Length vs Velocity of Air MOVEMENT......ccoouiiiiiiiiieeie ettt 153
Flame Length EXtENSION KreYSIEr L....ouviiieiiee ettt e et e e s etta e e e st e e e e nte e e snreeeesntneeeennes 154
Flame Length EXLENSION CP 286 .....c...eiiuiiiiiiiiie ittt sttt sttt sttt e st e snee st esneesabeesneesabeeeneenane 155
Flame Length EXTENSION FSI . 075 ....ooiiiiiieeiieie ettt ettt e e tte e e st e e e e ata e e seata e e e s atreeeesteeesnsseaeesssaeenannes 155
Flame Length EXtEeNSioN FXE .090 ......ccccutiiieiriieitieeitesteeeieestee st e st e satee st e sseesabeesneesabeesneesabeesneesane 156
Setting Up NO FIame Back iN EXCEL.......uiiiiiiie ettt ettt e e st e e et e e e e ar e e e e nnaeas 157
Flame Length Extension with No Flame Back Kreysler 1 .........cccooceiriieniieniienieenieeeee e 157
Flame Length Extension with NO FIame Back CP 286..........ccoociieieiiiie ettt st e e sree e s 158



Figure 142: Flame Length Extension with No Flame Back FSI .075......ccccuiiiiiiiiie ettt e e eeee e s 158

Figure 143: Flame Length Extension with No Flame Back FXE .090 .......c.ccoiiiiiuiiiiieeeeceiiiieeee e e ceectreee e e e e nvrenee e e e 159
Figure 144: Flame Length Extension With No Flame Back Kreysler 1 ........ooocviiiiiieeecciee e esees e 161
Figure 145: Flame Length Extension With No Flame Back CP 286 .........ccccoiiiiiiiiieeeeeeeiiiieeee e ceectreee e e cvveneea e e 161
Figure 146: Flame Length Extension with No Flame Back FSI .075......ccccuiiiiiiiee et e e e s 162
Figure 147: Flame Length Extension with No Flame Back FXE .090 ........ccocueiriiriiieinieniieeee e siee e 162
Figure 148: Flame Length Extension with No Flame Back Kreysler 1 .........cooviiiiiieeciiie e 164
Figure 149: Flame Length Extension with No Flame Back CP 286 ........cccccoviiiiiiiiiieeiieeiieeeeeiee et 165
Figure 150: Flame Length Extension with No Flame Back FSI .075......cccciiiiiiiiee ettt e e ree e s iaee e 165
Figure 151: Flame Length Extension with No Flame Back FXE .090 ........ccocueiieiriiiiiniieniieenee ettt 166
Figure 152: Incident Heat Flux per Distance in E84 TUNNEI .........ccocuiieeeiiiii ettt e et e e re e e s anee e 167
Figure 153: Flame Length Extension with No Flame Back Kreysler 1 .........cuooeiriiiniennieeneeeeeesee et 169
Figure 154: Flame Length Extension with No FIame Back CP 286 ........cccviieeiiiieiiiieeeciiee ettt ee e s 169
Figure 155: Flame Length Extension with No Flame Back FSI .075......cccuiiiiiiiiiiiieeiie ettt 170
Figure 156: Flame Length Extension with No Flame Back FXE .090 ..........ccociieieiiiieeeeiieeceree e eiree e e etee e eeaaee e sanee e 170
Figure 157: Calculated Flame Length EXtension KreyslIer 1 .........ccooiiiiiriieerieeiie ettt st 176
Figure 158: Calculated Flame Length EXtENSION CP 286 .......ccccuuiieiiiiieeeiiieeeiiee e eiteeeeeteeeeeateeeetreeeesataeseeasaaeesaneeaans 177
Figure 159: Calculated Flame Length EXtENSION FSI.075.....cciiiiiiiiiiieeiee ettt sttt sttt st s re e s enee e 177
Figure 160: Calculated Flame Length EXtension FXE .090 .......c.eeeiiiireeiiiiieeeiiee e citee e e et e e eeteeeestveeeesateeseeasaaeesaneaeans 178
Figure 161: Average Heat Release Rates Created at IHF of 40 KW/ M oo 181
Figure 162: Heat Release Rate Per Unit WIdth............eeeiiiii ittt et e e et e e e seae s e enee e e s aneeeens 182
Figure 163: Calculated Flame EXteNSioN KreYSIEr L ......cccuuiiiiiiiiieeiiiieeee ettt e ettt e e e e e atae e e e e e e e snraaseeeeeeeaas 184
Figure 164: Calculated FIame EXtENSION CP 286 ..........uieeiciiieieieee et e eeiteeeeee e e ssireeeeseteeeesnaeeesnseeessssaesssnsseeessseaeans 185
Figure 165: Calculated Flame EXteNSION FSI0.075 .....ociiiiiiiiiiiiie ittt esiiee e st e e e ste e e s siae e s site e e ssabae e ssseeessnseeeens 186
Figure 166: Calculated Flame Extension FXE 0.090 .........cccueieecieieiiieeeeeiieeesteeessireeeesteeeeesaaeesnseesssssaessenssaeesnsseeeans 187
Figure 167: Peak HRR PUA versus Time to Ignition to Receive FSI of 25 for Non-Coated FRPS .......c.cccceveeriieeneennne 188

Figure 168: Peak HRR PUA versus Time to Ignition to Receive FSI of 25 for Proprietary Case Stone Coated FRPs...189

List of Tables
Table 1: CONE SPECIMENS TESTEA ....eiiiciiieiiiieeeciee e ettt e e sttt e e et e e e sttr e e e saeee e st aeeeastaeeeasseeeeansseeeaassseesassaeessnssaeeanssseesnnsees 8
Table 2: Significant Difference Chart between Specimen Sizes for Multiple Variables.........cccooveeiiiiiiciiiiniiiiiicnns 12
Table 3: Percent Error for Non-Coated Composite HRR Correlation..........cocueeeeeciiiieiciees e eeee e e e 15
Table 4: Percent Error for Non-Coated Single THF Correlation ...........oeeiiieiiiiiiiiee ettt eeerre e e e e e 17
Table 5: Extended SampPle SHap@ FACLON ......cciiciiie ettt e e e e st e e e etae e e s aae e e e ntaeeesnssaeesnsaeeesnseesennnns 43
Table 6: Shape Factor along edge of Standard SAMPIE .......oeeii e e e arre e e e e e e e aneaes 44
Table 7: Time to Ignition Percent DiffErENCe........ooccuiii et sae e et e e e et e e e s nte e e sabeeeesasaeeeennns 64
Table 8: Percent Difference Table between Average between Samples...........eeviiviiciiiiieiii e 64
Table 9: Time to Ignition SigNificanCe Chart .........ooo i ste e e st e e e s tr e e e enra e e snreeeesnsaeeeennns 65
Table 10: Percent difference between 100mm samples HRRPUA (IgNition - 30S) ...c.ceccveeivieeeiieeiiieesireesieesiveesveesveens 67
Table 11: Percent difference between 175mm samples HRRPUA (Ignition = 30S) .....cccueeeivieeeeeiiieeeiieeecieeeeeivee s 67
Table 12: Percent difference of average HRRPUA (Ignition - 30s) between 100mm and 175mm samples................ 67
Table 13: HRRPUA (Ignition - 30s) SignificanCe Chart.........cceicuiiieiiiiii ettt e e e et e e e ara e e saba e e e sneaeeeennns 69
Table 14: Percent difference between 100mm samples HRRPUA (IgNition - 60S) .......cceevuereeriereenieenieeienienieenieeeens 70
Table 15: Percent difference between 175mm samples HRRPUA (IgNition = 60S) ......ccueeeevveeeeeiiieeeeiieeescieeeecivee s 70
Table 16: Percent difference of average HRRPUA (Ignition - 60s) between 100mm and 175mm samples................ 71



Table 17:
Table 18:
Table 19:
Table 20:
Table 21:
Table 22:
Table 23:
Table 24:
Table 25:
Table 26:
Table 27:
Table 28:
Table 29:
Table 30:
Table 31:
Table 32:
Table 33:
Table 34:
Table 35:
Table 36:
Table 37:
Table 38:
Table 39:
Table 40:
Table 41:
Table 42:
Table 43:
Table 44:
Table 45:
Table 46:
Table 47:
Table 48:
Table 49:

HRRPUA (Ignition - 605s) Significance Chart.......c..eiieciiieiiiiee e e e e e ee e e s reae e e e e ereeeeanes 72
Percent difference between 100mm samples HRRPUA (IgNition = 90S) .....cccuveieeiuiieeeiiieeeeiiiee e eeciree e 73
Percent difference between 175mm samples HRRPUA (Ignition = 90S) ......ccuvveeriieeeeiieeesiireecceeeeciveeeeens 73
Percent difference of average HRRPUA (Ignition - 90s) between 100mm and 175mm samples................ 73
HRRPUA (Ignition - 90s) Significance Chart.......c..uiicciieiiiiieceeees et e e e e e e e s reare e e e rreeeeanes 75
Percent difference between 100mm samples HRRPUA (1gNnition = 120S) .....ccccveevveesiienieenveesieenveesveeennes 76
Percent difference between 175mm samples HRRPUA (Ignition = 120S) ....ccceeeevvieeeecvieeeiiieeeecieeeeeiveeeeens 76
Percent difference of average HRRPUA (Ignition - 120s) between 100mm and 175mm samples.............. 77
HRRPUA (Ignition - 120s) Significance Chart..........occuiiiiiiieecceie et erte e e tee e e tre e e e rre e e s raaae e e e taeeeennes 78
SigNificance DIifference Chart....... .o i st b e e snee s eesnee e 79
HEAT FIUX CUIMVES 1N COMNE ..eiiiiiiiiiieiee ittt et s e st e st e st e s te e sbe e s bt e sabeessbeesabaessbaesabeesnbeesabaesseesabaesseesnne 144
LV 1 LU =T3S o T SV A SRR PUPRRN 160
T ol=T o A o o TP PPPPURTTN 160
LV 1 LU =T3S o T SV TSP 163
T ol=T o A o o TP PPTPURPTN 163
LV 1 LU =TI o T AV SRR 168
T ol=T o A o o] PR PPPTPUPPTN 168
Time to IGNILION KrEYSIEr L ....eoeiiiiieeee ettt sttt st et s it e e sbt e e sab e e snteesaneeneas 171
TiME tO IGNITION CP28B.. . i e s s s e s s s e s e s s s s s e s e s s s e s e s e s s e s s e snsssnsasesnsssssesssnsssnsnsssnsnsnsnns 172
TIMe L0 IGNITION FSI0.075 .eeiiiiiiiiieiiiieeee ettt e e s s st e e e e s s sttt e e e e e e sssbnbaeaeesssassnraeaeesssnnnsnnnes 172
Time tO IGNITION FXE 0.090 ... ..o s e s s e s e s e s s s s s s s s s s s s s e e e e e e e s e e e s e s e s e sesnsesnsnsasesnsnsnsnsnsens 173
Incident Heat Flux Representing Time to IGNItIoN ...c..coiiiiiie it e e 173
Predicted TiMe 1O IGNITION ......uiiiiie e e e e e e s et r e e e e e eeaataeeeeeeseennstaaneaeesennes 174
Calculated Gama fOr Kr@YSIEI L....oouiiiieiiee ettt e et e e et e e e s aee e e s nae e e e s ataeeeenseeaesnseeessnseeeennnes 175
Calculated Gama for CP286 and FSI .075 .....ciiiuiiiiieeiieeieeeieeesee st et e st e e ae e st e s be e sbeesbeesabeessbeesabeesnseess 175
Value of Gama Checked Against FXE .090 .......ccceeeiiiiieiiiiee e ceteeeeseeesestee e seneee e e sraeeeesnteeesnnseneesnnneeeans 176
T ot o A L o] e Yo | 1 U UURRN 178
Calculated Values for GAama @nd Ni......oeeee ettt ettt e s b e sabeesabeesabeesaseens 179
Peak Heat Release COMPATISON ......ccccuiiiieieeeiccitiee e e e e eeecttree e e e e e eseataeeeeeeeesestateeeeeeesessstaseeaessessstanseaesannans 180
Calculated Values for Gama and PErCENT EFTOF ......uiiiiiiiieeeiieeeiiteeesiiee st e e srtee e e sbre e s saeeeesnabeeessbeeeesnnes 183
Calculated Value for N for CP286 and FSI .075...c...uiiiiiiiieiiieeiee ettt ettt st s b e sbeesbeesbeesnee s 183
Calculated Value for Gama for KreySIEr L.......uui ittt e e eeeetrre e e e e e e e e ebrrae e e e e e sennnnaes 183
Checking Values fOr Gama and N ..o...eeeieiiie ettt s see e saae e e st eessabeeeesbbeeesnnbaeesnanes 184



Authorship

Christian Acosta

e Background
e Edge Burning Analysis
e Cone Calorimeter Specimen Size Comparison

Shawn Mahoney

e Background

e Edge Burning Analysis

e Flame Length Screening Tool
e Conclusions

Nicholas Nava

e Introduction

e Background

e Edge Burning Analysis

e Cone Calorimeter Specimen Size Comparison
e International Building Code Proposed Changes
e Conclusions

William Wright
e Introduction

Authorship for Appendices is listed under the title for each Appendix.



1. Organization of Report

This MQP report consists of a 20-page conference paper which compared fire characteristics of
bench scale specimen sizes and explains a flame length model created for fiber reinforced polymers.
This is then followed by multiple briefs included as appendices where additional in depth information is
presented. Supplemental information such as a test results database, a section of derived equations for
analysis, and other data and charts can also be found in the appendices.
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3. Abstract

Fiber Reinforced Polymers (FRPs) are quickly becoming an important building material due to their
aesthetic and environmentally "green" characteristics. As with many building materials FRPs can
potentially be a fire hazard in regards to flame spread. The International Building Code (IBC) limits flame
spread for materials which are to be used as interior finish based on large scale ASTM E84 (Tunnel)
testing. Unfortunately for manufacturers, Tunnel testing is not a particularly cost effective way for
developing new materials. To make development more affordable, use of the bench scale ASTM E1354
Cone Calorimeter (Cone) test is desirable.

FRP Cone standard samples (100mm by 100mm) often exhibit non 1D behavior in terms of edge
burning. Cone sample burning behavior was analyzed by comparing standard samples to enlarged
samples (175mm by 175mm). Testing larger samples is thought to more clearly identify the onset of
edge burning. Statistical methods helped analyze and compare the two sample sizes in terms of typical
Cone data. Additional analysis involved the use of finite difference methods to compare sample
temperature profiles.

A flame length model for material burning in the Tunnel test based on 1D Cone test results for
material behavior was created to simulate the limited burning behavior of materials with a flame spread
index 25 or less. This model can be used as a screening tool for material development. Additionally, the
model can be used to establish compliance criteria for interior finish materials consistent with IBC
requirements.



4. Evaluation of Fiber Reinforced Polymer Bench Scale Specimen Sizes and
Prediction of Full Scale Flame Spread Testing for Building Applications

4.1 Introduction

Fiber reinforced polymers (FRP's) are quickly becoming a building material used in new construction where
the owner would like the ability to use a material that is sustainable, aesthetically pleasing, and easy to mold
into shapes to achieve certain architectural desires. A potential problem of placing FRP's in a building, as an
interior finish, is the possibility that the material may spread flame quickly, which is not desired when placed in a
building. Chapter 8 of the International Building Code (IBC) dictates requirements for interior finishes in a
building.* The IBC classifies these materials by flame spread and smoke production as determined by testing a
material in the Steiner Tunnel (tunnel) using the standard test ASTM E842. The IBC classifies a Class A material as
a material with a relatively slow flame spread, a Class B material has more flame spread, and a Class C material
has an even higher rate of flame spread, all with a predetermined allowable amount of smoke production. The
result of this test and the subsequent building classification, determines where a building material can be used
(i.e. exit passageway, exit corridor, room or space).

There is significant interest from FRP material manufacturers to determine results that may be found in the
tunnel test without actually running the test. The test requires a large nominal 24 foot by 2 foot material
specimen, which requires significant effort from the manufacturer, and is also quite costly in comparison to
other standardized tests. A screening tool that can determine the expected results, before creating the large
specimen required and running a full scale test, is desired by the manufacturer for quick research and
development of new specimens.

The Cone Calorimeter (Cone) tested using the ASTM E1354 test standard® is determined a feasible screening
tool as specimens are only 100mm by 100mm and testing is rather quick, easy, and cost effective. The issue with
testing using the Cone is the fact that FRP specimens tend to produce edge burning when tested in the Cone
standard configuration. Edge burning occurs when the edges of the specimen ignite, which is often hard to
determine due to edge flame confounding with the surface flame. Edge burning also indicates the end of
burning solely on the top face, which means the ASTM E1354 test is invalid and test collection must stop. To
determine when edge burning occurs, when the test becomes invalid, a larger specimen may be able to be used,
allowing technicians to more easily see edge burning. In order to utilize a larger specimen, it must be
determined that the standard and large specimens perform the same in the test. A technician should be notified
of this edge burning phenomena and the possible remedy of testing a large specimen size as it may lead to
better testing.

The use of a screening tool, which uses the results of accurate Cone testing accounting for edge burning, has
the potential to save manufacturers time and money when it comes to designing new materials. In the grand
scheme of things, this screening tool also has the potential to make the building environment safer for
occupants. This is the result of, during development of new materials, the manufacturer trying multiple
variations of an FRP material to find the safest material but also what is desired by the building owner.



4.2 Background

For this project we utilized two ASTM standards, the ASTM E1354: Standard Test Method for Heat and
Visible Smoke Release Rates for Materials and Products Using an Oxygen Consumption Calorimeter® and ASTM
E84: Standard Test Method for Surface Burning Characteristics of Building Materials®.

4.2.1 Cone Calorimeter

The Cone calorimeter (Cone) is a bench scale testing apparatus that measures fire performance of a material
specimen. The Cone was first used in the early 1980's by the National Institute of Standards and Technology
(NIST) as an improved bench scale test over the current test at that time which involved measuring outflow
enthalpy of enclosed systems.” The American Society for Testing and Materials (ASTM) created various testing
standards that utilize this device. One of the standard test methods utilizing the Cone is described in ASTM
E1354: Standard Test Method for Heat and Visible Smoke Release Rates for Materials and Products Using an
Oxygen Consumption Calorimeter. The following Figure 1 shows schematics of the Cone apparatus.
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Figure 1: Cone Calorimeter Schematic Drawings (Left: Cone burner assembly. Right: entire Cone assembly.)

4.2.1.1 Cone Operation

The ASTM E1354 test involves the testing of a 100mm by 100mm (nominal 4in. by 4in.) specimen placed
upon a load cell in ambient air, while exposing it to a constant heat flux. This heat flux produces a flame on the
surface of the material defined as burning in one dimension. When the specimen's edges begin decomposing
and support a flame, the data collection and testing stops as this is no longer one dimensional burning and is
then defined as two dimensional burning and not representative of the ASTM E1354 test.

The oxygen concentration in the exhaust, exhaust rate, specimen mass-loss rate, time to ignition, and smoke
obscuration are measured during testing using various data acquisition techniques. The Cone test method is
based on the fact that the net heat of combustion of a test specimen is directly related to the amount of oxygen
required for combustion.? This data acquired allows for the determination of the heat-release rate (HRR) of the
specimens. The HRR is the heat energy, in kilo-watts, produced by a specimen when the surface has ignited and
supports flame. The HRR can be used to predict real-scale fire behavior and is used in state-of-the-art fire
models.’ The HRR is often normalized based on the specimen surface area, often expressed as kW/m?, which
allows the fire performance to be estimated for a larger sized specimen as long as the specimen area is known.
The HRR per unit area (HRRPUA) is often plotted as a function of time and can then be compared to other
specimens.



4.2.1.2 Cone Specimen

The standard specimen size in the Cone is 100mm by 100mm (nominal 4in. by 4in.) specimen with varying
thicknesses up to 50mm (2 in.). Products that are thinner than 6 mm (0.25 in.) shall be tested with a substrate
representative of end use conditions at its back face, such that the total specimen thickness is 6 mm or more.?
The specimen is wrapped in aluminum foil which eliminates mass transfer along all boundaries except for the
burning face of the specimen and shields the edges against heating from the Cone®. Specimens are then placed
in an edge frame that ensures the specimen does not rise up into the Cone if it begins to intumesce (expand
when heated) and to ensure the specimen is in the same location for all tests. The specimen is smaller than the
Cone heater which ensures that the entire specimen face is exposed to a uniform heat flux at all times
throughout the test.

4.2.1.3 Edge Burning Phenomena

Edge burning is the phenomenon, as described above, when the specimen’s edges decompose and support
flame. This creates a two dimensional heat effect on the specimen, where the top heating from the Cone and
flame and side heating from the flame contribute to the specimen heating. Edge burning must be accounted for
to ensure legitimate testing. It is often hard for technicians to determine when edge burning begins because top
and side flames become confounded. To account for edge burning, the ASTM E1354 test method may benefit
from testing a larger specimen than its standard 100mm by 100mm (nominal 4in. by 4in.) size. This would
prevent top and side lames from becoming confounded with a clear distinction of top flame and side flame. In
1986, Nussbaum and Ostma performed a study with extended 200mm by 200mm (7.9 in. by 7.9in.) specimens
and standard 100mm by 100mm (nominal 4in. by 4in.) specimens, with the thought that the increased specimen
size would minimize edge effects.’ Increasing the specimen size pushes the edges out to the Cone heater's edges
and in this way is assumed to minimize edge effects. Nussbaum and Ostma concluded that the general fire
behavior is similar between both size specimens when using a custom made extended size Cone.” Further
analysis regarding the specimen size's relation to edge burning should be completed to confirm this conclusion
with a standard Cone.

4.2.2 ASTM E84 - Tunnel Test

The purpose of the ASTM E84 (Tunnel test) is to determine the relative burning behavior of a building
material by observing the flame length over a period of 10 minutes. During the test, there is an imposed flame
created by a methane or natural gas burner that impinges on a 4.5 feet long distance of the specimen, which is
mounted on the ceiling of the tunnel. The resulting flame length extension past the 4.5 foot burner flame is
measured along the length of the tunnel for a duration of 10 minutes. Figure 2 shows a schematic of the tunnel.
The three areas shown in the figure represent the area of the specimen impinged by the burners and will prove
essential in calculating the flame length in this correlation.
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Figure 2: Schematic of Tunnel Test

From this test, a flame index and smoke index are developed for the specimen being tested. The flame
spread index (FSI) is developed by calculating the area under the observed flame length extension vs. time
curve. A FSI of 0-25 is classified as a Class A, 26-75 is classified as a Class B, and 76 — 200 is considered a Class C,
these classifications normally include smoke production.

4.2.3 Materials Used in This Study
During this study there were seven different material specimens used. The first two specimens were Fiberglass
Reinforced Polymers supplied by Kreysler and Associates. The FRP panels are made from commercially available
components that include E glass reinforcement, polyester FR resin, inorganic FR additives and other fillers for FR
and aesthetic purposes. The FRP panels are nominally 11mm (7/16”) in thickness. The structure of the panels is
an FRP laminate with a proprietary Kastone coating. The two FRP panel systems are designated as Kreysler 1 and
Kreysler 2. The next three material specimens were Fiberglass Reinforced Polymers provided by Creative
Pultrusions. These three FRPs were created through a pultrusion of fiber reinforced polymer and are designated
by CP 286, CP 702, and CP 802. The final two material specimens were FRPs supplied by Crane Composites.
These include two products from their Glasbord with Surfaseal line. One sample is their FSI- 0.075 Class A Fire-
Rated 85 White Smooth FRP and the other sample is their FX-0.090 Class A Fire-Rated 85 White Pebbled
Embossed FRP. These two samples are designated by FSI 0.075 and FXE 0.090.

4.2.4 International Building Code

The International Building Code (IBC), or a version of it with alterations, is a standard code adopted by all
states in the United States.® The code establishes minimum requirements to safeguard the public health and
provide: safety and general welfare through structural strength, a means of egress, stability, sanitation,
adequate light and ventilation, energy conservation, and safety to life and property from fire and other hazards
attributed to the built environment.? Most of the requirements in the code are prescriptive in nature meaning
they are determined through historical data and by industry professionals and approved by the Code
Development Committee.



Section 2612 of the 2012 IBC addresses the use of FRPs, and allows their use as an interior finish or an
exterior wall granted it meets the requirements set forth in the code. The interior finish requirements are
separated by space and are: interior passageways, exit access corridors, and rooms, where each allows a specific
material classification (A, B, or C). The requirements for interior finishes can be found in Appendix 5.1. Exterior
FRP finish is allowed to be used as long as certain requirements are met, including but not limited to, the fact
that the material FSI of 25 or less.

4.3 Edge Burning Analysis

To determine when edge burning is likely to occur in a sample a semi-infinite one-dimensional analysis was
performed to confirm our hypothesis for why and when edge burning occurs. It is hypothesized that edge
burning is a result of decomposition below the surface of a sample. The interior of the sample decomposes and
the glass resin on the surface prevents decomposition vapors from venting out of the top of the specimen and
instead forces the vapors to travel out the side. The vapors then ignite when they reach their auto ignition
temperature, resulting in edge burning. The following analysis describes methods used to confirm this
hypothesis.

4.3.1 Semi-Infinite Analysis: One-Dimensional Case

Upon further analysis of the burning behaviors of samples in the Cone; the samples burned have been
assumed to be lumped capacitors in a one-dimensional semi-infinite model. This assumption was made to help
distinguish temperature change throughout the tested material. If the material reaches the decomposition
temperature range of 200-300° C'° beneath the surface, this will verify that the preliminary stage of edge
burning is occurring.

This semi-infinite model is unlike the typical cases which contain one type of burning component. This semi-
infinite model accounted for radiation from the cone heater to the surface of the specimen along with
convective and radiative cooling. In reality there would also be radiative and convective cooling along the sides
of the specimen, but since this model only accounts for one dimensional heating they have been ignored. The
equation used was found in Conduction of Heat in Solids by Carslaw and Jaeger."! The exact formula found in the
text was derived using an advanced mathematical approach; however to make the equation more
understandable, it was derived once more using common variables. The final derivation can be seen below.

q" X q" Reot hiot ) < x Reot M)
AT = erfc - ex x + at |erfc + 1
heot ! (2 \/ﬁ) heot P < k k? f 2 Vat k
g”’ - Incident Heat Flux (%) x — Depth through the specimen (m)
w .
h,:— Total Heat Transfer Coef. (szK) t — Time throughout (sec)
a — Thermal diffusivity (10‘7 m—) k — Thermal Conductivity of the specimen ( 5 L)
N mx*K

AT — Change in Temperature (K)

This equation would allow users to solve for the one-dimensional temperature change at any depth in the
material at any moment in time for any radiative heat flux to the surface of the specimen. For further analysis on
how the results are obtained of the equation view Appendix 5.4.



4.3.2 Results

Using the minimal heat flux for ignition found in Cone testing, the ignition temperatures for the three
IHF tested were derived, the equation can be found in Appendix 5.4. The theoretical ignition temperature has
been found to be 524 degrees Celsius. The results below display that the temperature beneath the surface of
the sample does in fact reach the resins decomposition temperature (200-300° C). Decomposition through the
material and surface ignition occurred at different time periods for each of the three incident heat fluxes. In
Figure 3 below, the temperature profiles of the specimen at given times can be seen when the specimen is
heated at an IHF of 50 kW/m?. It can be seen that both surface ignition and decomposition at depth in the
specimen occurred around the same time. However for the case of 25 kW/m? the IHF was not significantly hot
enough to ignite the specimen. The constant heat flux merely heated the entire specimen over an extensive
amount of time causing the first few layers to slowly converge to the same temperature. The graphs for IHF 25
kW/m? and 75 kW/m?can be viewed in Appendix 5.4.

Semi-Infinite Analysis at 50kW/m?

—] sec

10 sec

50 sec
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Depth in Specimen (m)

304 sec: Decomposition

Figure 3: Semi-Infinite Analysis at 50kW/m2

These calculated times to interior decomposition were then compared to observations of the specimen
burning in the Cone Calorimeter. It was found that the calculated time to interior decomposition occurred at
times analogous to the observed time of edge burn in the Cone. This information supports our hypothesis that
edge burn occurs when there is a decomposition of the interior of the specimen.

4.4 Cone Calorimeter Specimen Size Comparison

The difference between standard [100mm by 100mm (nominal 4in. by 4in.)] and extended [175mm by
175mm (nominal 7in. by 7in.) specimens was first approached theoretically and then the conclusions made
through theoretical work were confirmed via actual ASTM E1354 testing. These specimen sizes were provided by
manufactures for testing, so these sizes were analyzed to ensure continuity in results. The theoretical
comparison of specimen size was completed by comparing temperature profiles found using finite difference
methods. If temperature profiles were similar (in profile and temperature) throughout both specimens, actual
specimen testing was to be performed. The comparison of specimen size via testing was completed statistically
by comparing several specific fire characteristics.



4.4.1 Temperature Profile Comparison

The temperature profiles were determined for both standard and extended size samples. The temperature
profiles of the specimen configurations was determined using two dimensional steady state finite difference
methods with boundary conditions consistent with those of the actual ASTM E1354 test.

The standard 8mm (0.3 in.) thick sample was examined with 46mm (1.8 in.) fiber board backing and 2mm
(0.08 in.) thick edge frame along the side and 2 mm (0.08 in.) in from the edges on the top surface it as it would
be during testing. The analysis was performed with an induced incident heat flux (IHF) on the top face and a
radiative fraction (heat flux multiplied by a view factor) along the sides. Natural convective cooling on the top
was determined using Janssens' equation for determining the convective heat transfer coefficient** and natural
convective cooling on the side and back faces was determined using a standard convective heat transfer
coefficient. The extended 8mm (0.3 in.) thick sample was examined with 46mm (1.8 in.) fiber board backing and
no edge frame, as is the testing configuration for this sample size. The analysis was performed with an induced
heat flux on the top face under the Cone, where the edges outside of the Cone's area were exposed to a
radiative fraction (heat flux multiplied by a view factor) and sides received no heat flux. The convective cooling
was the same as for the standard samples. The thermal conductivity for the FRP specimen, fiber board, and steel
edge frame were determined based on literature review and practical experience and remained consistent
throughout the calculations, see Appendix 5.5 for more details.

See Figure 4 for results of finite difference calculations using the equations in Appendix 5.5, which shows the
temperature contours for standard and extended size specimens at the three IHF's tested.

-
8 mm I IHF of 50 kW/m?
I 100 mm |
-
8 mm
N
175 mm |

- Too 750 800 850 300 a50 1000 1050 1100 K

Figure 4: Steady state temperature profiles for both sample sizes at IHF ok 50kW/m’.

4.4.2 Temperature Profile Comparison Results

Figure 4 shows similar temperature profiles when comparing standard and extended specimens of the same
IHF. The figure shows slightly higher temperatures for the extended specimen which is explained below where
profiles are compared. A plot of the temperatures over a normalized distance of -1 (left edge) to 1 (right edge)
was created to compare the specimen sizes for each IHF it was exposed to. The plot for an IHF of 50 kW/m? is
shown in Figure 5. This figure shows that that the temperature at the surface, 3 mm down, and at the back face,
tracks similarly for both size specimens. The profiles are similar which indicates similarity between the
specimens yet the profiles of the larger samples indicate higher temperatures. The difference in temperatures is
indicative of the larger sample receiving more heat because of its size. Since fire performance in the Cone is
normalized by surface area burned, the fact that the extended sample receives higher temperatures will be
accounted for when normalized by size. This explanation helps to confirm theoretically that these specimen
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sizes are similar. To determine if they are quantitatively similar, not significantly different, testing of both
specimen sizes in the Cone was performed.

-0.5 0 0.5 1
Normalized Length (-1 = left edge, 1 = right edge)

Temperature (°C)

1
[

== Surface - Extended =3 mm down - Extended === Back Face - Extended

= Surface - Standard =3 mm down - Standard == Back Face - Standard

Figure 5: Temperature Profiles at 50 kW/mz IHF (Standard and Extended Size)

4.4.3 Cone Testing Procedure

The hope of the team was to confirm the similarity in sample size though actual ASTM E1354 testing. The
team received five different specimens from Kreysler and Associates and Creative Pultrusions in the standard
and extended specimen sizes. These specimens were tested in the standard Cone calorimeter apparatus in the
WPI Fire Lab. Three specimen configurations were tested and the procedure for each configuration can be found
in Chapter 4.4.3.1,4.4.3.2,and 4.4.3.3.

4.4.3.1 100mm by 100mm Testing - Standard Configuration

The standard size specimens were tested in the Cone using standard operating procedures specified in the
ASTM E1354 test standard. The individual samples were wrapped in aluminum foil and housed in an edge frame.
Table 1 shows the specimens tested and the incident heat flux (IHF) each were exposed to. In general, two
samples of each specimen were tested at three IHF's.

Table 1: Cone Specimens Tested

Specimen Incident Heat Flux Tested

Kreysler 1- A 25 kW/m? 50 kW/m? 75 kW/m?
Kreysler 1- B 25 kW/m?’ 50 kW/m’ 75 kW/m?
Kreysler 2 - A 25 kW/m? 50 kW/m? 75 kW/m?
Kreysler 2 - B 25 kW/m” 50 kW/m” 75 kW/m?’
CP 286 - A 25 kW/m* 50 kw/m* 75 kw/m’
CP286-B 25 kW/m? 50 kW/m? 75 kW/m?
CP702-A 25 kW/m?’ 50 kW/m’ 75 kW/m?
CP702-B 25 kW/m? 50 kW/m? 75 kW/m?
CP802-A 25 kW/m” 50 kW/m” 75 kW/m?’
CP802-B 25 kW/m* 50 kw/m* 75 kw/m’




During testing, the time when the specimen began edge burning was noted. The results of testing, such as
HRRPUA, time to ignition, and time when edge burning began, can be seen in Appendix 5.9.

4.4.3.2 100mm by 100mm Testing - No Edge Frame

This configuration consists of a standard size specimen wrapped in aluminum foil placed on the standard
burning pedestal with no edge frame covering the sample. The steel frame was omitted from this testing
configuration to prevent what is assumed to be additional heating that the edge frame would cause, while also
allowing the tester to verify visually when edge burning is occurring. The same specimens were tested as in
Table 1 but only at an IHF of 50kW/m?2. HRRPUA curves can be found in Appendix 5.9 for this testing. Further
analysis was not performed for these samples based on the fact that the results obtained from testing at an
incident heat flux of 50kW/m?did not better provide an indication of edge burning over the standard testing
configuration utilizing the edge frame.

4.4.3.3 175mm by 175mm Testing

The extended specimens were tested using the standard Cone calorimeter with a few adjustments. The
Cone's outer protective box was sealed with aluminum foil to ensure produced smoke did not escape to the
environment outside of the collection hood. A picture of the Cone with its adjustments can be seen in below.

Figure 6: Cone Calorimeter Adjustments for 1775mm by 175mm Specimen

The specimen was placed on an extended frame with no edge frame surrounding the specimen. The
specimen was exposed to a constant heat flux and allowed to burn until it was deemed "unsafe" for testing, due
to its large flame impinging on the Cone's sensitive equipment, upon which time the specimens was
extinguished. The specimen was never extinguished before edge burning began so extinguishment did not have
an effect on data analyzed. The specimens that were tested were the same ones tested for the standard
configuration specimen testing see Table 1. Again, the time when the specimen began edge burning was noted
during testing.

After the specimen was extinguished and allowed to cool, the burn diameter was measured. Figure 7 shows
an extended specimen post-burn, where the red lines indicate how the burn diameter was measured. The burn
diameter was used to solve for the entire burn area, which allowed for the HRRPUA to be determined.
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Burn Diameter[D]

Figure 7: Burn Diameter Diagram of extended sample.

The results of testing, such as HRR per unit area, time to ignition, and time when edge burning begins, can
be seen in Appendix 5.8.

4.4.4 ASTME1354 Test Specimen Comparison

From Cone testing of specimens, the time to ignition was analyzed along with a few subsets of the HRRPUA
truncated based on the determination of when edge burning occurred. Truncation was performed due to the
fact that at this moment when edge burning occurs, the Cone is no longer burning in one dimension and testing
is no longer valid. Along with time to ignition, the average HRRPUA of the truncated data for several time
intervals (Ignition to 30s, Ignition to 60s, Ignition to 90s, Ignition to 120s), was compared between samples of
the same specimen (material, size configuration, and IHF). Additionally, standard and extended specimens of the
same material and IHF were compared. The specimens were compared to ensure the difference in these values
addressed between the same specimens was insignificant as defines in the following sections.

4.4.4.1 Statistical Comparison

The time to ignition and average HRRPUA over several time intervals (Ignition to 30s, Ignition to 60s, Ignition
to 90s, Ignition to 120s) were compared for the two samples of each specimen tested at the same IHF. The
percent difference between the two samples tested was calculated which gives a difference in testing a
specimen i.e. the time to ignition for a 100mm by 100mm Kreysler 1 at 25kW/m? yielded a percent difference of
18% between Sample 1 and 2. This procedure was completed for all standard and extended size specimens at
each IHF tested. Equations and sample calculations can be found for this in Appendix 5.6. The values for percent
difference here indicate a difference between samples for a specimen size, shown for both standard specimens
and again for extended specimens.

The percent difference between the specimen sizes was also calculated using an average of the value of
time to ignition or average HRRPUA for the same time interval to calculate a percent difference between the
sizes themselves. Equations and sample calculations can be found for this in Appendix 5.6. For example, the
percent difference between a 100mm by 100mm and 175mm by 175 mm specimen tested at 25kW/m? for the
average time to ignition value was 35%. The values for percent difference here indicate a percent difference
between specimen sizes in the Cone.

To compare the difference within a sample size and the difference between the specimen sizes, the root
square sum (RSS) of the difference within a standard sample and extended sample was calculated. Equations
and sample calculations can be found for this in Appendix 5.6. This RSS value created a population of differences
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expected between Cone samples during testing, where the average difference was found along with a standard
deviation. The difference between specimen sizes was compared to this average value plus or minus a standard
deviation. If the percent difference between specimen sizes did not exceeded the average RSS value plus a
standard deviation, the difference between specimen sizes was considered to be an insignificant difference for
that specific value being analyzed. The lower range was determined unimportant because it simply indicated
more insignificance as this just indicated a decrease in difference.

4.4.4.2 Heat Release Rate per Unit Area (HRRPUA) Difference Plot Comparison

The difference between the HRRPUA of the standard and extended samples was graphed along with both
specimen size ignition times at the incident heat fluxes of 25 kW/m?, 50 kW/m? and 75 kW/m?for the Kreysler
specimens and 50 kW/m? and 75 kW/m?for the Creative Pultrusion specimens. The finals graphs can be viewed
in Appendix 5.5. Next the uncertainties were calculated for the time to ignition and HRRPUA. This included the
use of both inter-(r) and intra-(R) laboratory uncertainties that were found in the ASTM E1354. Inter-Laboratory
uncertainty refers to the uncertainty allowable between two tests completed within the same lab and Intra-
Laboratory uncertainty refers to the allowable uncertainty between two identical tests completed at different
laboratories.5.3 The average ‘r’ and ‘R’ values obtained for the entire test for time to ignition were calculated
using the corresponding equations found in Appendix 5.7. The results demonstrate the repeatability factor when
obtaining time to ignition for both the standard size and extended size samples. The repeatability diminishes as
the incident heat flux increases, which in turn proves that the results would be difficult to duplicate. The average
repeatability factors were also calculated for the HRRPUA. The calculated values were roughly the same for
every incident heat flux and provide a range that is very large compared to the lowest and highest points on the
graph. In this case, the tests are repeatable, and will help prove statistically that there is not a significant
difference in testing the two sample sizes.

4.4.5 Result of Comparing Tested Specimens

At the conclusion of the statistical and temperature profile comparison, it has been determined that
specimen sizes are not significantly different and can be tested in place of one another. Through in-depth
statistical analysis it quickly became clear that the variation between Cone samples and between specimens
sizes was quite similar, indicating no significant difference between sample sizes. Appendix 5.6 shows
calculations for results in Table 2. This table displays highlights cells red when the specific value is significantly
different between specimen sizes. As shown in Table 2, very few specimens tested at one of the IHF's showed
significant differences defined as at as a difference between specimen sizes results that exceeded one standard
deviation of the average RSS value (the difference within a sample size). This confirms the fact that statistically,
there is no difference between the two specimen sizes.



Table 2: Significant Difference Chart between Specimen Sizes for Multiple Variables

Difference between
Samples Size (Average
Time to Ignition)

Difference between
Samples Size (Average
HRRPUA Ignition - 30s)

Difference between
Samples Size (Average
HRRPUA Ignition - 60s)

Difference between
Samples Size (Average
HRRPUA Ignition - 90s)

Difference between
Samples Size (Average
HRRPUA Ignition - 120s)

12

Kreysler 1- 25 kW/mA"2 34% 29% 26% 18% 21%

15%
9%
5%

61%

62%

31%

54%

25%

65%

17%

24%

26%

17%
8%

46%
21%
3%
7%
3%
25%
16%
42%
6%
5%
2%
7%
19%
8%

48%
3%
0%

32%

20%

18%

34%

33%

10%

12%

13%
2%

10%

15%

33%
5%
4%

52%

40%

15%

46%

29%

42%

16%

20%
1%
7%

19%

Kreysler 2 - 25 kW/m”2
Kreysler 1- 50 kW/m~2
Kresyler 2 - 50 kW/m~2
Kreysler 1- 75 kW/m"2
Kresyler 2 - 75 kW/m~2
CP 286 - 25 kW/m”2
CP 702 - 25 kW/m”2
CP 802 - 25 kW/m"2
CP 286 - 50 kW/m"2
CP 702 - 50 kW/m”"2
CP 802 - 50 kW/m”"2
CP 286 - 75 kW/m~"2
CP 702 - 75 kW/m”"2
CP 802 - 75 kW/m”2

55%
23%

7%
29%
18%
31%
34%
12%
17%
11%
23%
13%
10%
61%

Average RSS 21% 16% 20% 27% 36%

Standard Deviation RSS 14% 12% 17% 31% 40%,

4.5 Flame Length Screening Tool

For this correlation it was necessary to determine the type of flame spread that is occurring in the tunnel
test. For this model the idea of static concurrent flame lengths was used. This means that the pyrolysis zone
(burn area) does not change as the specimen burns and the flame is extending in the direction in which the air is
moving. These assumptions are valid for this correlation because limited pyrolysis movement is a characteristic
of specimens with a flame spread rating of less than 25 which is the classification of materials in which this
correlation will be created for and there is an imposed air flow in the tunnel test as specified in ASTM E84 of
1.25 m/s in the direction in which the flame propagates®. After determining these two assumptions it was then
possible to create a governing equation to predict a flame length of the specimen in the tunnel test given Heat
Release Rate data that was collected in the ASTM E1354 cone calorimeter test.

4.5.1 Governing Equation

To create a correlation between data collected in the ASTM E1354 cone calorimeter test and the ASTM E84
tunnel test it was necessary to determine a governing equation that could be adjusted utilizing specimens in
which the flame lengths in the tunnel test were known. For some pre-existing correlations to adapt we referred
to such scientists as Newman®®, Consalvi®, Drysdalels, Quintiere®®, Hasemi'’, and King—Mon—Tulg. To create a
governing equation the assumption that the heat release rate of the specimen and burners in the tunnel test
could be distilled into a point source line fire was used. This equation also needed to account for a point source
that would move as the specimen began burning in the tunnel test. This has led to the creating of the governing
equation that can be seen below.

Li=(B+71) * Q™ 2
Beta is a constant that was found to create a flame length of 4.5 feet when just the burners are on. Gama is a

constant that was found to add in when the specimen begins to burn utilizing an ignition delay time that is found
in the cone calorimeter. Q' is found as the heat release per unit width of the specimen and the burners. And the
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value of n will be adjusted utilizing known flame lengths in the tunnel test. For further information on the
governing equation refer to Appendix 5.10.

4.5.2 ASTM E1354 Cone Calorimeter Test Procedure

To create an optimal correlation model it was necessary to represent the conditions of the tunnel test while
collecting data in the ASTM E1354 cone calorimeter. The insult heat flux on the specimen burn area in the tunnel
test has been found by William Parker to change as the distance from the burner increases and as the time into
the test increases’. Figure 8 shows the simplified imposed heat flux over time and distance of the three
respective areas of the Tunnel as shown in Figure 2. This was then simplified into three time dependent IHF
curves corresponding to their respective areas in the tunnel. See Figure 9 below.
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Figure 8: Incident Heat Flux over the First 4.5 Feet for 3 Time Segments
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Figure 9: Incident Heat Flux over Time for the 3 Burn Areas

These three simplified imposed incident heat flux curves in the Tunnel were then used in the Cone to test
each specimen. To collect the data in the ASTM E1354 cone calorimeter it is necessary to run two samples of
each specimen at each of the three incident heat flux time dependent curves that are shown in Figure 9,



14

resulting in a total of six data sets. For more information pertaining to testing the specimen in the Cone refer to
Appendix 5.10 under the ASTM 1354 Test Procedure section.

4.5.3 Creating Composite Heat Release Rate

In order to use the data collected from the cone calorimeter, a composite heat release rate per unit width
per time curve that will be used in the correlation was created. To do this first the heat release rate per unit
areas of the two samples run at each of the three incident heat flux curves must be averaged. This must be
completed for each second of all three of the incident heat flux curves for a total of three average heat release
rates per unit area curves for each specimen that was run in the test. This creates three different heat release
rate per unit area curves, one for each of the three areas in the 4.5 foot (1.4 meter) distance. After this was
completed the heat release rate per unit area must be converted into a heat release rate. This was done by
multiplying each heat release rate curve that was created by the area of one third of the first 4.5 foot (1.4
meter) section of the curve. This is because each heat release rate per unit area curve is only applied to the
section of the burn area that is affected by that incident heat flux. After converting each curve for each area to a
heat release rate they must be added together in order to create a total heat release rate for the first 4.5 feet
(1.4 meters) of the tunnel. This heat release rate must be converted to a heat release rate per unit width. In the
case of the Tunnel, the width is 17 inches. This was converted to meters and divided the total heat release rate
in order to arrive at a heat release rate per unit width.

These calculations are to be completed at each second for the first 600 seconds after shutter open in order
to create a total composite heat release rate per unit width over time. Below in Figure 10 the calculation of the
total composite heat release rate can be seen. Area 1, 2, and 3 correspond to the heat release rate data
collected from the Cone when running each of the three time dependent incident heat flux curves shown in
Figure 9. The total composite heat release rate shows the results when completing the calculations completed

above.
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Figure 10: Composite Heat Release Rate for CP 286
This heat release rate per unit width over time curve will then be used in the correlation to determine the

flame length in the tunnel test. For sample calculations refer to Appendix 5.10 under the Composite Heat
Release Rate Calculations section.
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4.5.4 Ignition Delay

In order for this correlation to best represent the conditions in the tunnel test, an ignition delay was utilized
to determine when to start calculating the flame extension of the specimen. Through statistical analysis it was
found that the best representation of a time to ignition in the tunnel test was found as the time to ignition of
the specimen when testing in the cone calorimeter at an incident heat flux of 40 kW/m?. This time identifies
when to begin calculating a flame extension in the tunnel test. For simplicity a flame extension of zero feet will
be inserted for all times less than the time to ignition found when testing the specimen at 40 kW/m? For more
information pertaining to the ignition delay refer to Appendix 5.10 under the Ignition Delay section.

4.5.5 Final Correlation

Utilizing tunnel test results and cone calorimeter data for Kreysler 1, CP 286, FSI 0.75, and FXE 0.090 a final
correlation between the ASTM E84 tunnel test and ASTM E1354 cone calorimeter test was found. Kreysler 1 had
a proprietary Kastone coating and the other three did not have any coating. In order to account for the different
burning characteristics of these two types of fiberglass reinforced polymers, two different correlations were
created. These correlations can be seen below as Equation 3 and Equation 4. For each equation the calculated
composite heat release rate per time is used as Q for each second to calculate a flame length at each of the 600
seconds of the test.

Proprietary Kastone Coating Correlation: L ((0_2211) * (Q' +.204) 0'6709) —45 3

Non-Coated FRP Correlation: L= ((0.164—7) * (Q' + 204 )0'6709) —45 a

Apply a flame extension of zero feet for all time before ignition as predicted from testing the specimen in an
ASTM E1354 Cone Calorimeter at an incident heat flux of 40 kW/m?

L is Flame Extension in Tunnel Test (ft)

. kw
Q' is the composite heat release rate per unit width of the specimen (—)
m

These correlations were used to calculate the flame length vs. time in the Tunnel test of each of the four
specimens. This information was then used to calculate the Flame Spread Index by calculating the area under
the curve and multiplying it by a constant of .515 as specified in ASTM E84. This calculated FSI was then
compared to the known values found in the Tunnel Test. Due to the fact that there was only one specimen with
a Proprietary Kastone Coating and available Tunnel Test data, the percent error was zero. The percent error of
the correlation for the three specimens without a coating can be seen below in Table 3. For more information
pertaining to calculating the Flame Spread Index, refer to Appendix 5.10 under the Comparison section.

Table 3: Percent Error for Non-Coated Composite HRR Correlation

FSI Calculated Known FSI from | Percent Error between
from Correlation Tunnel Test Known and Calculated
CP 286 13.7 16.0 14.4
FSI .075 16.0 13.7 17.1
FXE .090 14.4 14.4 0.3
10.6 Average Percent Error
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This correlation proves to be extremely accurate when calculating the FSI of the specimen in the tunnel test
with an average error of 10.6 percent. The calculated flame extension and known flame extension of CP 286
used to calculate the FSI above can be seen below in Figure 11.

20
p—
7]
g 15
3 10
c = Calculated
8 5
)
7] fp—/_i Known
o 0 T T 1

0 200 400 600

Time After Shutter Open (seconds)

Figure 11: Calculated Flame Length Extension vs. Known of CP 286

For more information on the composite heat release rate correlation refer to Appendix 5.10 under the Final
Adjustments to Model section.

4.5.6 Single Incident Heat Flux Correlation

For most manufacturers who want to get an idea of how their material will perform in the tunnel test,
performing seven different tests may prove to be more than necessary. To reduce the amount of testing needed
in the cone calorimeter a second set of equations was created to predict the flame extension in the Tunnel of a
specimen only utilizing heat release rate per unit area per time data that is collected in the cone calorimeter at
an incident heat flux of 40 kW/m?. The heat release per unit area is then put into the correlation and a flame
length is calculated utilizing the equation for each second of the 600 second test. These equations can be seen

below.
.60) + 88
Proprietary Kastone Coating Correlation: ~ L¢_ | (0.2322) * (%) 06494 | _ 45 5
.60) + 88
Non-Coated FRP Correlation: Le= | (0.1574) * (%) 06494 1 _ 45 6

Apply a flame extension of zero feet for all time before ignition as predicted from testing the specimen in an
ASTM E1354 Cone Calorimeter at an incident heat flux of 40 kW/mZ2

L is Flame Extension in Tunnel Test (ft)

Q is the heat release per unit area retrieved from testing the specimen in the Cone at an IHF (—)
m

This method proves to be much easier than calculating the composite heat release of the specimen, but in
return there is a loss of accuracy in the model. The calculated percent error of the calculated FSI versus the
Know FSl in the Tunnel can be seen below in Table 4.



Table 4: Percent Error for Non-Coated Single IHF Correlation

FSI Calculated from

Known FSI from

Percent Error between

Correlation Tunnel Test Known and Calculated
CP 286 11.8 16.0 26.5
FSI.075 18.5 13.7 354
FXE .090 16.2 14.4 12.7
Average Percent
24.9 Error
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This correlation is not as accurate as the composite heat release rate model, but it still gives a calculated

flame spread index that is close enough to give the manufacturer an idea of how well their material will

perform. The calculated flame extension in the Tunnel and known flame extension in the Tunnel of CP 286 can

be seen below in Figure 12.
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For more information on the single incident heat flux model refer to Appendix 5.10.

4.5.7 Ability to Pass ASTM E84 Quick Screen

Now that there is a correlation to relate the heat release rate of a specimen when tested in the ASTM E1354

. . kw . .
Cone Calorimeter and a constant incident heat 40? a way to quick screen a material based upon both the peak

heat release rate and the ignition temperature can be created. This quick screen will show the maximum peak

heat release rate for each time to ignition in order to receive a flame spread index of 25 or below. In order to do

this the assumption is made that as soon as the specimen ignites it reaches its peak heat release rate. Our

correlation was created utilizing specimens with time to ignitions of 100 seconds, because of this our quick

screen can only sensibly correlate peak heat release rates for time to ignitions up to 300 seconds. This

information was then used to create proposed requirements for The International Building Code. For more

information refer to section 4.6.
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4.6 International Building Code Proposed Changes

The current 2012 edition of the International Building Code (IBC) indicates the following requirements
regarding interior wall and ceiling finish materials.

Interior wall and ceiling finish materials shall be classified in accordance with ASTM E 84 (Tunnel test) or
UL 723. Such interior finish materials shall be grouped in the following classes in accordance with their
flame spread and smoke-developed indexes.
Class A:=Flame spread index 0-25; smoke-developed index 0-450.
Class B:=Flame spread index 26-75; smoke-developed index 0-450.
Class C:=Flame spread index 76-200; smoke-developed index 0-450.
Table 803.9 of the IBC then states where these specific materials are permitted based on classification.

The team proposes changes to this section's code language where results of a cone calorimeter ASTM E1354
test will govern the material classification, which will again govern its use. The new proposed language is
applicable to only the materials classified as "Class A" materials. The new code language is as follows:

Kastone coated FRPs with a time to ignition and a HRR per unit area corresponding to a value that falls
below the curve in Figure 13, shall be considered a Class A material.
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Figure 13: Peak HRR per unit area versus Time to Ignition to Receive FSI of 25 for Proprietary Kastone Coated FRPs

Additionally,

Non-coated FRPs with a time to ignition and a HRR per unit area corresponding to a value that falls
below the curve in Figure 14, shall be considered a Class A material.
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Figure 14: Peak HRR per unit area versus Time to Ignition to Receive FSI of 25 for Non-coated FRPs
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The curves in Figure 13 and Figure 14 were determined by using the flame length model created in this study. In
the future the same procedure can be used to determine the time to ignition and HRR per unit area
requirements for a Class B and Class C material. The usefulness of this new code requirement is the ability to
test a material relatively quickly and inexpensively than the ASTM E84 tunnel test.

4.7 Conclusions

The cone calorimeter suffers from the fundamental notion of edge burning when testing samples,
specifically FRP samples, which skews test results. The ASTM E1354 test is only valid when the specimen is
burning on the top face only. Through analysis of theoretical data and experimental data, analyzed statistically,
it was determined that the specimen size does not significantly affect results. This means that a technician can
now test an extended sample if edge burning will be an issue during testing when proper cone calorimeter
adjustments are made. The extended samples allow for better notification of edge burning which will lead to
more accurate testing.

Two sets of equations to predict the flame extension down an ASTM E84 Tunnel Test have been created.
One set of equations requires testing the specimen at three different incident heat flux steps. The resulting heat
release rate per unit area must then be converted to a heat release rate by multiplying by the area of each
section. These three heat release rate curves must be added. After that is completed the heat release rate must
be converted to a heat release rate per unit width by dividing the rate by the width of the tunnel. Finally in order
to calculate the distance the flame traveled down the tunnel, insert the heat release rate into the respective
equation depending if the FRP has a Proprietary Kastone Coating or not and apply a flame extension of zero feet
for all time before ignition as predicted from testing the specimen in an ASTM E1354 Cone Calorimeter at an

incident heat flux of 40 k—w:
m

The next set of equations that were created utilize heat release rate data collected from running a sample at
a single incident heat flux in the ASTM E1354 Cone Calorimeter. As before apply a flame extension of zero feet
for all time before ignition as predicted from testing the specimen in an ASTM E1354 Cone Calorimeter at an

incident heat flux of 40 fn—wz/ Both of these sets of equations create a flame length versus time graph. The flame

spread index of the material can then be calculated by determining the area under the curve and multiplying it
by a constant of .515.

From this information a quick screen to determine the feasibility of receiving a FSI of 25 or less was created
based upon the peak heat release rate and time to ignition of a specimen when tested in the cone calorimeter at
an incident heat flux of 40 kW/m?. These three methods will prove to be a great asset for Fiberglass Reinforced
Polymer manufacturers because now they can prescreen their materials before sending them to be tested in the
ASTM-E84 Tunnel Test.
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5.1 Appendix - International Building Code
Primary Author: William Wright
Secondary Author: Nicholas Nava

Past experiences have shown that two key factors in flame-propagation are a building’s interior
finish and its decorative materials. In order to limit the development and spread of fire, the
International Building Code (IBC) requires the materials used as interior finishes and decorations to meet
specific flame-spread index criteria. Performance of these materials is evaluated based on test
standards.

Flame-spread index (FSI) is a comparative measure, derived from data acquired in the ASTM E84
Tunnel test. The FSl is essentially a measurement of the area under the curve of the graph of spread of
fire across tested material’s surface versus time. The units of FSI are dimensionless, and given by
Equation 7:

FSI = 0.515 X Ay 7
where,

A; = Calculated Area (Integral of Distance vs. Time)*

An example of a flame spread curve is shown in Figure 15 where A = Al + A2 indicating that the flame
front is not allowed to recede when determining FSI.
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Figure 15: Flame Front Distance vs. Time Example

Interior wall and ceiling finish materials are divided into three classes based on their FSI and smoke
developed index. The material classification is as follows:
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Class A: Flame-spread index 0-25; smoke-developed index 0-450
Class B: Flame-spread index 26-75; smoke-developed index 0-450
Class C: Flame-spread index 76-200; smoke-developed index 0-450.?

In order to be used in certain location, Table 803.9 of the IBC shall be examined. It gives the
minimum classification that shall be required is based on occupancy classification, sprinklered/non
sprinklered, and location in the building. See Figure 16 for material classification requirements.

TABLE 803.9
INTERIOR WALL AND CEILING FIMISH REQUIREMENTS BY OC CUPANCy*
SPRINKLERED! [ MONSPRINKLERED
Exit enclosures and Rooms and | Exit enclosures and Rooms and
GROUFP =xit pESSagewWaYEa, & Corridors enclosed spaces® | exit passagewaysa. s Comidors endozed spaces®
Ala Al B B c A Ad Be

A3 AL AT B B C A Ad c
B,E ME-I B C C A B C
B4 B c C A B B
F C C C B C C
H B B € A A B
11 B C C A B B
12 B B Bh,i A A B
13 A A o A A B
14 B B Bh,i A A B
R-2 C C C B B C
B3 C C C C C C
3 C C C B B C

19) Mo restrctions No r=sirictions

For 5I: 1 inch =254 mm_ 1 squers foot =0.0028m7
2. Clazz Cinerior finizh materials shall be permittad for wainscottingor pansling ofnot mors than 1,000 squers faet of applied sveface sres inthe grads lobby where
applisd disectly © 2 noncombustible bezs or over furring srips applisd © & noncombustibls baze and firsblocked 2= required by Section 805 .11.1.

b. Inexit enclozvres of buildings lass then three storiss sbove gradz plans of other then Group 1-3, Clazz B interior finish for nonsprinklsrsd buildings snd Clazz ©
intarior finish for sprinklered buildings shall be parmittad.

. Fequirements for rooms and s losed spaces shall be bazsed vpon spaces snclosed by partiions. Whers 2 fire-resistance rating is raquired for stroctral slaments,

the enclosing partitions thall extend from the floor © the cailing . Parfitions that donot comply with thiz shall be considersd enclosing spaces and the rooms or

spacezon bothzids s zhallbe conziders d one Indatermining e spplicable requirsment for roome andenclosad spaces, the specific oocupancy thersofzhall be the

Eoverning factor repasdlezs of the proup clazzfication of the building or structure.

Lobbyarsa: in Grovp A-1, A-2 and A-3 occupanciss shall not be lazs than Claz: B materizls.

Clazz Cinterior finish materials shall be permitted in places of azzembly with an occupant load o £300 parsons o lass.

For place= o freligious worship, wood used for ornementsl purposss, trustes, pensling or chancel fumishing shall be permitted.

Clzzs B meterizl is required where the building excseds mwo storiss.
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Agpplizswhen the sxitenclosnre:, exitpassa geways, comridorsor rooms and snclosed space sams proected by &n avoma tic sprinklsr systeminstalled inaccordancs

with Section £03.3.1.10r 803 3.12.
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Figure 16: IBC Table 803.9 giving interior wall and ceiling finish requirements.
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5.2 Appendix - ASTM E84 Tunnel Test
Primary Author: Christian Acosta
Secondary Author: William Wright

5.2.1 ASTM -E84
This section describes ASTM-E84: Standard Test Method for Surface Burning Characteristics of Building
Materials. This is a standard used in the manufacturing industry for comparative surface burning
behaviors that applies for exposed surfaces such as walls and ceilings. The purpose of this test is to
determine the relative burning behavior of a material by observation of the flame spread and data
acquisition of smoke production for a sample. Results of this test provide classification of building
materials relative to red oak and fiber cement boards.

5.2.2 Dimensions of Test Chamber
Width: 17 3/4 (+ or -) 1/4 in. (451 (+ or -) 6.3 mm) measured between the top ledges along the side
walls, and 17 5/8 (+ or -) 3/8 in. (448 (+ or -) 10mm) at all other points.

Depth: 12 (+ or -) 172 in. (305 (+ or -) 13 mm) measured from the bottom of the test chamber to the top
of the ledges on which the specimen is supported. This measurement includes the 1/8 in. (3.2 mm)
thickness of the 1 1/2 in. (38 mm) wide woven fiberglass gasket tape.

Length: 25 ft. (+ or -) 3in. (7.62 m (+ or -) 76 mm).
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5.2.3 Testing Conditions
Testing calls for a specimen which must be 24ft long by 20 in wide. During testing, there is
controlled air flow and a fire exposed to the specimen in order to create a flame along the entire length
of it. The velocity of air within the tunnel is approximately 1.22 m/s. This fire end shall be provided with
two gas burners delivering flames upward against the surface of the test sample. The fire rest chamber
should be supplied with natural or methane gas fuel.



26

5.2.4 Testing Procedures

1. Place the test specimen on the test chamber ledges that have been covered completely with
gasketing tape.

2. While the specimen is mounted in the chamber, have the furnace draft operating for 120s prior
to the use of the test flame.

3. Ignite the gas burner; observe and record the distance and time of maximum flame front travel.
-Continue the test for 10 minutes and only conclude the test prior of the time when the
specimen is completely consumed in the fire area.

4. Record the photoelectric prior to testing and every 2s during the test.

5. Record the gas pressure, the pressure differential across the orifice plate, and the volume of gas
used in each test.

Plot the flame spread distance, temperature, and change in photoelectric cell readings for the
duration of the test for use in determining the flame-spread and smoke-developed indexes as
outlined in Section 9. Flame front advancement shall be recorded at the time of occurrence or at
least every 30 s if no advancement is noted. Flame spread distance shall be determined as the
observed distance minus 4% ft. (1.37 m).

5.2.5 Specimen Classifications
After testing is completed in the tunnel, the recorded distance of flame spread versus the 10
minute duration is plotted. In order to determine the classification of the specimen tested, the area
under the curve is then calculated. If the total area under the curve is less than or equal to 97.5, the area
is multiplied by .515 to obtain the flame spread index (FSI). FSI = 0.515 *AT. If the total area is greater
than 97.5 the FSl is calculated as 4900/(195-AT).

5.2.6 References
ASTM Standard E84,2012, “Standard Test Method for Surface Burning Characteristics of Building
Materials,” ASTM International, West Conshohocken, PA, 2012 DOI : 10.1520/E0084-12A,
www.astm.org.
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5.3 Appendix - ASTM E1354 Cone Calorimeter

Primary Authors: Shawn Mahoney, Nicholas Nava

5.3.1 Cone Calorimeter

The cone calorimeter is a fire testing device that uses the principle of oxygen consumption
during combustion to collect data that is then used to find properties of materials. These properties are
then used for calculations and fire models to help predict fire behavior [4]. The cone calorimeter is
considered the best tool for finding heat release rate and also effective heat of combustion, mass loss
rate, ignitability, and production of smoke, soot, and toxic gases as a function of time [1 + 3]. Before
operation, the following information should be consulted; ASTM E 1354, the calorimeters user manual,
as well as the manufacturers instruction manual [1].
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Figure 1: Schematic Diagram Of The FTT Standard Cone Calorimeter
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Figure 17: Cone Schematic

As seen above in Figure 17, the cone calorimeter consists of conical radiant electric heater which is
composed of over 3 meters of resistance wire wrapped in a conical shape and packed in magnesium
oxide refractory [4]. This heater has a heating flux range of 0 to 100 kilowatts per square meter. Located
one inch below the lower rim of the heater is a specimen holder designed to hold a specimen of 100 mm
by 100 mm and up to 50 mm in thickness. The Specimen must be conditioned to moisture equilibrium at
an ambient temperature of 23 £ 3°C and a relative humidity of 50 £ 5 %. The edges of the specimen are
covered in aluminum foil so only the surface of the specimen is exposed to the heater. This specimen is
traditionally oriented horizontally, but for exploratory studies it may be oriented vertically [1]. The
specimen is located on top of a load cell in order to measure mass loss during burning. This load cell is
able to read up to 500g with a measuring resolution of 0.005g. Half of an inch above the specimen there
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is an electric spark igniter used as a source of ignition. And finally, gases are collected in a hood above
the burner; these gases are then flowed through a flue using a fan located in the flue. The gases first
flow through two filters in the flue to collect particles. They then travel through a cold trap and drying
agent to remove water from the gases before they enter a gas sampling ring. The exhaust gases also
flow through an orifice plate in order to create a pressure difference that is measured in order to
calculate the flow of exhaust gases.
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FIG. 10 Smoke Obscuration Measuring System

Figure 18: Smoke Measuring System

Inside the flue there is also a laser photometric beam that is used to measure the amount of smoke that
is being produced by the burning specimen, as seen in Figure 18. The gas sampled from the exhaust is
then run through an oxygen analyzer, but with some more complex cone calorimeters the gases are also
analyzed for carbon monoxide and carbon dioxide [4].

5.3.2 Procedure [5]
Preparation

Check CO, trap and final moisture trap and drain excess water.
Turn on cone heater and exhaust blower.
Complete the following procedures for calibration:

e Heater flux calibration

e Oxygen analyzer calibration
e Heat release rate calibration
e Load cell calibration

e Smoke meter calibration

Test Execution:
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Position the specimen into the appropriate holder in the appropriate location. The specimen holder shall
be centered with respect to the cone heater.

Start data collection (at intervals of 5 s or less).
Record times when flashing or transitory flaming occur.

Sustained flaming occurs when flame exists over most of the test specimen surface for at least 4 s.
When sustained flaming occurs, record the time when flaming was initially observed and turn off the
spark.

If the specimen does not ignite in 30 minutes, remove and discard.

Test three samples and the 180-s mean heat release rate ratings shall be compared. If any of these
readings differ by more than 10% from the average, additional samples shall be tested.

5.3.3 Data Acquired [5]

e Cone Irradiance

e Oxygen Analyzer reading (Oxygen Consumption)
e Exhaust Flow Rate

e Pressure Differential through orifice

e Temperature at orifice meter

e Specimen initial mass

e Specimen final mass

e Time to Ignition

e Time to Flameout

e Total Heat Released

e Peak Heat Release Rate

e Beam Intensity (with and without smoke)

5.3.4 Calculations [5]
The ASTM 1354 standard lists equations to solve for the following:

Calibration Constant

c 5.0 1105 — 15X,
1101254 x 10) VP x,7—x,

C = calibration constant for oxygen consumption analysis, mi2 — kgiz — K.
Te = absolute temperature of gas at the orifice meter, K.

AP = orifice meter pressure differential, Pa.

Xo. = oxygen analyzer reading, before delay time correction (-).
Xo.0=0xygen analyzer reading, mole fraction Oz(-).

Heat Release Rate
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Xo ()= Xo, (t+ 1)

Xo. = oxygen analyzer reading, before delay time correction (-).
Xo-1= 0xygen analyzer reading, mole fraction Oz(-).

t=time,s.

ta = oxygen analyzer delay time, s.

o (:}.h;.‘ _ BF (X"~ X (1)
o= (= ) L10)C \ [T TR =156,

g = heat release rate, KW.

Ahelr for the test specimen equal to 13.1 x 103 kJ/kg unless a more exact value is known
for the test material

C = calibration constant for oxygen consumption analysis, mi2 — kgiz — Kuz.

Te = absolute temperature of gas at the orifice meter, K.

AP = orifice meter pressure differential, Pa.

Xo» = oxygen analyzer reading, before delay time correction (-).

Xo0= oxygen analyzer reading, mole fraction Oz(-).

. gi1)
§'(in = A

q = heat release rate, kKW.
As= nominal specimen exposed surface area, 0.01 m®.

Mass Loss Rate
13.3.2.1 For the first scan (i =0):

dm _ 25my — 48m, + 36my — 16my + 3m,
e PAY M
13.3.2.2 For the second scan (i =1):
dm 3y + 10my — 18m; + 6my — my "
i WY (&)

13.3.2.3 For any scan for which 1 < i < n—1 (where n
= total number of scans):

dm]  —m_, +8mg, — 8my, +my, g
e 1241 )
13.3.2.4 For the last scan but one (i =n — 1):
dm
|z ., (10)
_ —3m, — 10m,_, + 18m,_, — 6m,_; +m, 4
- 12Ar
13.3.2.5 For the last scan (i = n):
B [drrr} (an
dr |,

—25m, + 48m,_; — 36m,_, + 16m_5 — 3m__,
- 124r




Effective Heat of Combustion

X g At
'ﬁ"h'.'.;.'l? = ﬁ
i T
g = heat release rate, kW.
ms = final specimen mass, kg.
mi = initial specimen mass, kg.
t=time, s.
Smoke Obscuration
F. I i -|r_._|
k=(g)m7

L = extinction beam path length, m.

| = actual beam intensity.

lo = beam intensity with no smoke.

k = smoke extinction coefficient, m-1.

s, V, k, A,

Tavg) = m;, — m;

of = specific extinction area, for smoke, mz2/kg.

V"= volume exhaust flow rate, measured at the location of the laser photometer, ma/s.
k = smoke extinction coefficient, m-1.

ms = final specimen mass, kg.

mi = initial specimen mass, kg.

t =time, s.

5.3.5 References
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5.4 Appendix - Edge Burning Analysis

Primary Authors: Christian Acosta

Many of the parameters found in equation 1 were constant for the specimen, however h,; needed
to be solved for to be used in the equation. To begin that process, the underlying heat transfer
equation had to be manipulated to solve for T,

q" = €o(Tjy —Te) + he(Tig — Too)

The constant h, was found by using a quadratic expression developed by Janssens which
incorporated the heat flux of any given test in the cone calorimeter. In this case we used the
incident heat fluxes of 25 kW/m?, 50 kW/m?and 75 kW/m>.

he =1.4%107*(q") + 2.4+ 1076 (¢"")?

Once the hvariable was incorporated to the overall heat transfer equation for this case and T;; was
solved for the corresponding heat fluxes necessary, the T;; values were then used to solve for h,,4 in
the linearized radiation equation shown below.

sa(Ti‘; —Td)
rad = T T,

The convective and radiative heat transfer coefficient were then added together to solve for the
total heat transfer coefficient for the overall case in the cone calorimeter.

htot = hc + hrad

The corresponding h,.; values were then utilized with the analogous heat flux within the equation to
develop a temperature profile along a distributed depth over a matter of time.
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5.4.1 Graphed Temperature Changes: IHF of 25kW/mz2, 50kW/m2 & 75kW /m?
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Figure 19: Temperature at Depth IHF 25 kW/m’
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Figure 20: Temperature at Depth IHF 50 kW/m?
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Change in Temp (K)
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Figure 21: Temperature at Depth IHF 75 kW/m’
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5.5 Appendix - Theoretical Temperature Profiles
Primary Author: Nicholas Nava

Temperature profiles were determined theoretically using finite difference methods. The
Fundamentals of Heat and Mass Transfer, Incropera provided a fundamental understanding of finite
difference methods, where equations for different nodes were derived.

Finite difference methods requires a nodal network be created, which involves subdividing the
samples into smaller regions. For this calculation the regions were decided to be 1Imm by 1Imm. Each
node will be represented by an equation which is determined to be essentially the average of the
temperatures around it for interior nodes. Exterior node or boundary nodes are determined by
temperatures around the node with the addition of boundary conditions such as a radiative incident
heat flux or convective cooling.

The standard 8mm (0.3 in.) thick sample was examined with 46mm (1.8 in.) fiber board backing and
2mm (0.08 in.) thick edge frame along the side and 2 mm (0.08 in.) in from the edges on the top surface
it as it would be during testing. The analysis was performed with an induced incident heat flux (IHF) on
the top face and a radiative fraction (heat flux multiplied by a view factor) along the sides. Natural
convective cooling on the top was determined using Janssens' equation for determining the convective
heat transfer coefficient [1] and natural convective cooling on the side and back faces was determined
using a standard convective heat transfer coefficient. The extended 8mm (0.3 in.) thick sample was
examined with 46mm (1.8 in.) fiber board backing and no edge frame, as is the testing configuration for
this sample size. The analysis was performed with an induced heat flux on the top face under the Cone,
where the edges outside of the Cone's area were exposed to a radiative fraction (heat flux multiplied by
a view factor) and sides received no heat flux. The convective cooling was the same as for the standard
samples. The thermal conductivity for the FRP specimen, fiber board, and steel edge frame were
determined based on literature review and practical experience and remained consistent throughout
the calculations.

To determine the equation for the nodes, they were derived using methods in the energy balance
method as outline in Incropera. [1] The following was copied from Incropera page 215 and 216.

I
]
P o <—— @ Ay
m~=1,n : mn lm+ln
JI |
mn-1
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4
Zlql:ﬁ—'fm_ﬁ:l +g(Ax-Ay+1)=0

T:”_ l.m - ?:n;r
. ] :| ——

Qim—erj—*tm.rl:l - k(.ﬁ'ﬁ.' Ax

?:rr-l- la Tm.n

Gim+ 1) (mm) = K(Ay * 1) Ax

Trl'l.l'f'l"l - Trrl.n

qim.n*]'i—}[m.rr} = k{"l'r ) ],}

Ay
?:rr.u 1 Tl.h.u
Gimn—1)= (mm) — k{.ll . I_} j.:__
g(Ax)’
Tmﬂ"':' + Tm.n—l + Tr;-r+|,n + an- . T '”: k } o ‘4Tm,n =

?:m,.lr-l-[ + T:ul,n—] + ?-:III+|..rI L T.’ur—l.,u - 4?-;11.:: = D

These equations taken from Incropera are for an interior node where q the internal energy is taken
to be zero. Solving for T,,, will give the temperature at that node. The other nodes were determined
based on a derivation of this method.
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5.5.1 Boundary Conditions
The boundary conditions for this analysis are as follows:

The thermal conductivity was determined based on known values in literature and estimates for FRP
samples since it was not exactly known. It is important to note exact values are not needed when
comparing temperature profiles as long as the same boundary condition was used for both standard and
extended samples.

ke (k of edge frame) = 41 W/mK [2]

ks (k of FRP sample) = .5 W/mK (Estimated based on value expected from MQP Group B)
k¢ (k of fiber board) = .05 W/mK [3]

h (convective heat transfer coefficient in free convection) = 5 W/m’K [4]

A_x (size of node) =0.001 m

Tamb = 299 K (Average of ambient temperature in lab during testing)

q (Incident Heat Flux {IHF}) = 25000 W/m?, 50000 W/m?, 75000 W/m? (Depending on test
condition)

e (emissivity) = 1 (assumed for simplicity)

sigma (Stefan Boltzmann constant) = 5.67E-08 W/m’K*

Finally, the convective heat transfer coefficient varied based on location of node on sample. If the
node was not exposed to a heat flux (back face of both specimens sizes, edge of extended specimen
size), the convective heat transfer coefficient is just h, the heat transfer coefficient in free convection.
Nodes where the sample is exposed to a heat flux, the convective heat transfer coefficient is determined
based on a total convective heat transfer coefficient of the convective heat transfer coefficient as a
function of the heat flux (hs) and the convective heat transfer coefficient due to radiation from the
surface (hr).

h_tot=hs+hr

141040 +2.4.10%0)°

hs = (5]

hs =5 W/m?K, 13 W/m?K, 24 W/m?K, respectively, for IHF of 25000 W/m?, 50000 W/m?, 75000
W/m?

hr=0 (T - Tam") / (Ts - Tams) = (Derived for the equation for basic radiation)

where, T, = T;; to keep calculation simple. T is the ignition temperature of the FRP material based on a
minimum heat flux to ignition of 25000 W/m?and determined to be 797 K.

This will give a hr = 45.1 W/m?K.

It is important to note this value of hr would be higher, indicating more cooling, if T, was used vice T
but again to keep calculation simple T, was used. The reason using the T, will be more computationally
demanding is due to the fact that hundreds of additional iterations will need to be performed to
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determine hr which will determine T which will be affected by h, in addition to the surrounding
temperatures so using a standard T;; will eliminate these additional iterations.

5.5.2 Shape Factors
In order to complete the finite difference model for the 100 mm and 175mm specimens, it was

necessary to determine the imposed heat flux on the side of the edge frame from the cone heater and
the edges of the 175 mm sample that were not directly under the cone heater. To determine this the
IHF is to be multiplied by a shape of view factor. The hand written calculations for the derivation of

these shape factors can be seen below.
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The resulting shape factors used in calculation are shown in Table 5 and Table 6.
Table 5: Extended Sample Shape Factor

167mm 168mm 169mm 170mm 171mm 172mm 173mm 174mm 175mm

Distance 2mm 3mm 4mm 5mm 6mm 7 mm 8mm 9mm
Across
View 0.264816 0.280188 0.296186 0.312775 0.329911 0.34754 0.365598 0.384015 0.402713| 0.402713 0.384015 0.365598 0.34754 0.329911 0.312775 0.296186 0.280188 0.264816

Factor



Table 6: Shape Factor along edge of Standard Sample

Depth Down Edge' View Factor

1mm
2mm
3mm
4mm
5mm
6mm
7mm
8mm
9mm
10 mm
11 mm
12 mm
13 mm
14 mm
15mm
16 mm
17 mm
18 mm
19 mm
20mm
21 mm
22 mm
23 mm
24 mm
25 mm
26 mm
27 mm
28 mm
29 mm
30mm
31mm
32mm
33 mm
34 mm
35mm
36 mm
37 mm
38 mm
39mm
40 mm
41 mm
42 mm
43 mm
44 mm
45 mm
46 mm
47 mm
48 mm
49 mm
50 mm
51 mm
52 mm
53 mm
54 mm

0.475493812

0.45089045
0.426595225
0.402750716
0.379486618

0.35691682
0.335137452
0.314225895
0.294240704
0.275222301
0.257194256
0.240165009

0.22412982
0.209072833
0.194969124
0.181786632
0.169487932

0.15803181
0.147374622
0.137471429
0.128276948
0.119746294
0.111835574
0.104502324

0.09770583
0.091407347
0.085570227
0.080159994
0.075144349
0.070493154
0.066178367
0.062173972
0.058455881
0.055001833
0.051791289

0.04880532
0.046026498
0.043438793
0.041027465
0.038778969
0.036680864
0.034721719
0.032891037
0.031179177
0.029577282
0.028077213
0.026671494
0.025353248
0.024116153
0.022954393
0.021862613
0.020835884
0.019869663
0.018959762
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5.5.3 Equations Used in Calculation

5.5.3.1 Standard Specimen Equations
Additional Nomenclature:

Tmn = Temperature at node in K

Tmi1 = Temperature to the right of the node
Tm.1 = Temperature to the left of the node
T.+1 = Temperature above node

T..1 = Temperature below node

F = View factor

The following is a list of equations used to solve for the temperature profiles for the standard
sample configuration. See Figure 22 for where each equation applies where gray indicates edge frame,
tan indicates fiber board, and green indicates the FRP specimen. Note these equations apply to the left
half of the configuration, see Figure. For the right side of the equation, the equations directly mirror the
left side equations where the center of the sample is the mirror pivot point.
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Figure 22: Standard Specimen Configuration Equation Numbering
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Equation 1

Equation 2

Tmn

Equation 3

Equation 4

Equation 5

Equation 6

Equation 7

Equation 8

47

2+ (hs+ hr) « Ax =T, 2 % g * Ax
(Tm+1+Tn—1)+( ( K)e amb)+( ?(e )
T = 2+2*(hs+hr)*Ax

K.

(Z*Ke*Tm+1+Ke*Tn+1+Ke*Tn_l)+((h+hr)*Ax*Z*Tamb)+2*F*q*Ax

4% K, + (h+ hr) = 2 * Ax

_(Ke*Tn+1+Ke*Tm+1)+((h+hr)*Ax*2*Tamb)+2*F*q*AX

T 2K, + (h+hr)*2*Ax
h * Ax
((Z*Tn+1*Ke)+(Tm+1*Kf)+(Tm—1*Ke))+( 2 )* amb
Tinn = h * Ax
h * Ax
«2*Tm&*&0+(ﬂm4*&0+(ﬂw4*KJ)+( s )*amb
T = h * Ax

2 * h* Ax
((2 * Tn+1) + Tm+1 + Tm—l) + (K—f> * Lamb

Tmn =
h * Ax
2 (( )+ 2>
Tn+1 + Tm+1 + Tn—l + Tm—l
Tmn - 4
T _ Tn+1 * Kf + Tm—l * Ke + Tn—l * Kf + Tm+1 * Kf
mn —

K, +3 %K,



Equation 9

Equation 10

Equation 11

Equation 12

Equation 13

Equation 14

Equation 15

Equation 16

Equation 17

Equation 18

Tmn =

Tn+1 * Ke + Tm—l * Ke + Tn—l * Ke + Tm+1 * Kf

Tn+1 * KS + Tm—l * Ke + Tn—l * Kf + Tm+1 * Kf
K, + K+ 2+ Kf

Tn+1 * Ks + Tm—l * Kf + Tn—l * Kf + Tm+1 * Kf

Tn+1 * Ks + Tm—l * Ks + Tn—l * Kf + Tm+1 * Ks

Tn+1 * KS + Tm—l * Ke + Tn—l * Kf + Tm+1 * KS

K, + K + 2 % K

_ Tn+1 * Ke + Tm—l * Ke + Tn—l * Ke + Tm+1 * KS

K; +3 K,

_ Tn+1 * Ks + Tm—l * Ke + Tn—l * Ks + Tm+1 * Ks

K, + 3 * K,

_ Tn+1 * Ke + Tm—l * Ke + Tn—l * KS + Tm+1 * KS

2*xK,+2xK;

_ Tm+1 * Ke + Tm—l * Ke + Tn—l * KS + Tm+1 * Ke

K; +3 K,

_ Tn+1 * Ke + Tm—l * Ks + Tn—l * Ks + Tm+1 * Ks

K, + 3 * K,
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Equation 19
(T + T ) + (2 * (hs + hrl'() * AX * Tamb) + (2 * ?{* AX)
Ton = . :
mn 2 % (hs + hr) * Ax
2+ %6
e
Equation 20
(2 * Tn—l + Tm—l + Tm+1) + (2 - (hS * h;{) o Tamb) + (2 : Iq(* AX)
Ton = ; ;
mn 2*(hS+hT')*AX
4+ 1%
e
Equation 21

. _(Z*Ke*Tm+1+Ke*Tn+1+Ke*Tn_1)+((h+hr)*Ax*l.S*Tamb)+1.5*q*Ax
mn 4% K,+ (h+ hr) = 1.5 % Ax

Equation 22

2% (hs + hr) * Ax * Tymp 2*q*Ax
(2 * Tn—l + Tm+1 + Tm—l) + ( Ks ) + ( KS )

Tmn= 2*(hS+hT')*AX
+ K
s

4
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5.5.3.2 Extended Specimen Equations
Additional Nomenclature:
Tmn = Temperature at node in K
Tmi1 = Temperature to the right of the node
Tm1 = Temperature to the left of the node
T.+1 = Temperature above node
T..1 = Temperature below node
F = View factor (See Shape Factors Section)

df = gouter= heat flux in kW used in view factor equation - different from g which is the IHF (See Shape
Factors Section)

The following is a list of equations used to solve for the temperature profiles for the extended
sample configuration. See Figure 23 for where each equation applies where tan indicates fiber board
and green indicates the FRP specimen. Note these equations apply to the left half of the configuration,
see Figure. For the right side of the equation, the equations directly mirror the left side equations
where the center of the sample is the mirror pivot point.
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Figure 23: Extended Specimen Configuration Equation Numbering
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Equation 1
o (Ks * Topr + Ko x Tyy) + ((hs + hr) % Ax % 2 % Tapp ) + 2 % qf * F * Ax
m 2 % K + (hs + hr) = 2 = Ax
Equation 2
(2T # T+ Ty )+ (LTI 2000 ) (2 0f 2 F = )
— S S
Tonn = 2 % (hs + hr) * Ax
S
Equation 3
25Ty + Ty + Ty + 2 % (hs + hr) * Ax * Tymp + (2 * q * Ax)
_— K, K,
mn 2 % (hs + hr) * Ax
S
Equation 4
T _ (Z*Ks*Tm+1 +K5*Tn+1 +K5*Tn—1)+(h*AX*2*Tamb)
mn 4 % K.+ (h* 2 * Ax)
Equation 5
i (2% Ky # Tiyr + Ko # Togy + K Tysg) 4+ (B Ax % 2 % Tgpp)
me 3% Ks + Kp + (h* 2 % Ax)
Equation 6
. (Z*Kf*Tm+1+K5*Tn+1+Kf*Tn_1)+(h*Ax*2*Tamb)
mn 3x K+ K+ (h*2*Ax)
Equation 7
(2K T + K * Ty + Kp x Toy) + (% Ax ¢ 2% Tgp)
o 4% Ke + (h* 2 x Ax)
Equation 8

(Kp * Ty + Kp # Typg) + (hox Ax o 2 % Tamy)

T
m 2% Kp + (h* 2% Ax)




Equation 9

2 * h * Ax
((2 * Tn+1) + Tm—l + Tm+1) + ( Kf ) * Lamb
Tmn =

Equation 10

Tn+1 + Tm+1 + Tn—l + Tm—l
Tmn - 4

Equation 11

Tr1+1 * Ks + Tm—l * Kf + Tn—l * Kf + Tm+1 * Kf

Equation 12

_Tn+1*KS+Tm—1*KS+Tn—1*Kf+Tm+1*KS
Kr +3 %K,




5.5.4 Results

Figure 24 shows the resulting temperature profiles for the 3 IHF's experienced in the cone using
boundary conditions and equations described above. Calculations were performed using Microsoft
Excel's ability to perform iterative calculations.

54



8 mm - - - IHF of 25 kw/m2
|

I 100 mm |

|
|

i 175 mm

SR W R e

Temperature (K)

IDD mm
I 175 mm |

B e

1100 mm;

K T L N4

175 mm

Figure 24: Steady state temperature profiles for both sample sizes at various IHF's.
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Plots of these temperature profiles were also created to compare these values quantitatively. The
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charts are displayed in degrees Celsius for the reader to better relate to the values. These values are the
same as in Figure 24, but in Celsius found simply by subtracting 273 degrees form values. See Figure 25 -

Figure 27 for these plots.

Temperture Profile 25 kW/mA2 IHF
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Figure 25: Temperature Profile Graph at IHF of 25 kW/m?
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Figure 26: Temperature Profile Graph at IHF of 50 kW/m2
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Temperture Profile 75 kW/mA2 IHF
(Standard and Extended Size)
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Figure 27: Temperature Profile Graph at IHF of 50 kW/m2
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5.5.5 Conclusion

Figure 25 - Figure 27 show that that the temperature at the surface, 3 mm down, and at the back
face, track similarly for both size specimens at various IHF’s. The profiles are similar which indicates
similarity between the specimens yet the profiles of the larger samples indicate higher temperatures.
The difference in temperatures is indicative of the larger sample receiving more heat because of its size.
Since fire performance in the Cone is normalized by surface area burned, the fact that the extended
sample receives higher temperatures will be accounted for when normalized by size. This explanation
helps to confirm theoretically that these specimen sizes are similar. To determine if they are
guantitatively similar, not significantly different, testing of both specimen sizes in the Cone was
performed.
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5.6 Appendix - Cone Calorimeter Statistical Analysis

5.6.1 Terminology/Nomenclature
Specimen - The size and material tested. See all specimens tested.

e 100mm by 100mm Kreysler 1
e 100mm by 100mm Kreysler 2
e 100mm by 100mm Creative Pultrusion 286
e 100mm by 100mm Creative Pultrusion 702
e 100mm by 100mm Creative Pultrusion 802
e 175mm by 175mm Kreysler 1
e 175mm by 175mm Kreysler 2
e 175mm by 175mm Creative Pultrusion 286
e 175mm by 175mm Creative Pultrusion 702
e 175mm by 175mm Creative Pultrusion 802

Sample - An individual test run in the cone. See all samples tested for selected specimens. (Similar
samples for all other specimens)

e 100mm by 100mm Kreysler 1, Sample 1
e 100mm by 100mm Kreysler 1, Sample 2
e 175mm by 175mm Kreysler 1, Sample 1
e 175mm by 175mm Kreysler 1, Sample 2

AVG(...) = average of the values in parentheses
|...] = absolute value of values surrounded by bars
Standard Size = 100mm by 100mm (4"x4")
Extended Size = 175mm by 175mm (7"x7")

5.6.2 Procedure/Agenda
Compare the HRRPUA curves for time to ignition and HRRPUA averages for time intervals. Two samples
were tested for each standard sized specimen that was tested and then two extended sized sample of
the same specimen were tested. Testing was performed at 25 kW/m”2, 50 kW/m”2, and 75 kW/m~2
incident heat fluxes for two specimens provided by Kreysler and Associates (Kreysler 1 and Kreysler 2)
and by Creative Pultrusions (CP 286, CP 702, and CP 802).

5.6.3 Analysis
The parameters analyzed for both samples sizes for all specimens tested are time to ignition and
HRRPUA averages for time intervals: Ignition to 30 seconds, Ignition to 60 seconds, Ignition to 90
seconds, and Ignition to 120 seconds. It is important to note that averages and standard deviations were
not used solely for statistical analysis because there were only two samples of each specimen tested. It
is recommended that at least one additional sample of each specimen be tested to give a distribution of
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data for more meaningful statistical analysis. Since this testing was not possible in the timeline of this
project the analysis will continue with the data the team did gather.

Two samples of each specimen and size were tested and often did not result in the same value for the
parameters analyzed, therefore, the percent difference for each specimen was determined. The percent
difference was found using Equation 13:

|y — x5
% dif ference standard size specimen = ———— 13
odiff P AVG (xy, %5)

where,

X; = parameter value of sample 1, standard size specimen

X, = parameter value of sample 2, standard size specimen

The same procedure was completed for extended samples, using Equation 14:

ly: — yal
% dif ference extended size specimen = el 14

AVG(y1,2)
where,

y1 = parameter value of sample 1, extended specimen
y, = parameter value of sample 2, extended specimen

The next step in analyzing the effect specimen size is to compute the percent difference between the
standard sized specimens and extended sized specimens shown in Equation 15 - Equation 17.

% dif ference between standard and extended = % 15
where,
x, = AVG(xq,x3) 16
where,
X; = parameter value of sample 1, standard size specimen
X, = parameter value of sample 2, standard size specimen
Ya = AVG(Y1,¥2) 17

where,
y:1 = parameter value of sample 1, extended size specimen

y, = parameter value of sample 2, extended size specimen



63

This percent difference between the standard sized specimens and extended sized specimens found
using Equation 15 is then compared to the difference in the standard sample size values found using
Equation 13 and in the extended sample values found using Equation 14.

To determine if there is a significant difference between standard and extended sized samples, the
percent difference between the standard sized specimens and extended sized specimens found using
Equation 15 will be compared to the percent difference between samples of the same size, deemed an
error that will be seen in the cone and is not a function of the different sample size. Since the percent
difference in the standard sample values found using Equation 13 and in the extended sample values
found using Equation 14 are often different, the root sum of the squares (RSS) will be found for each
specimen and then will be compared to the percent difference between standard sized specimens and
extended sized specimens. The RSS was performed for each specimen and is intended to give a
combination of both standard samples and extended samples percent differences to get a total
uncertainty or in this case percent difference. The RSS for each specimen can be found using Equation
18.

RSS = SQRT[(% dif ference standard)? + (% dif ference extended)?] 18

This RSS value created a population of differences expected between Cone samples during testing,
where the average difference was found along with a standard deviation. The difference between
specimen sizes was compared to this average value plus or minus a standard deviation. If the percent
difference between specimen sizes did not exceeded the average RSS value plus a standard deviation,
the difference between specimen size was considered to be an insignificant difference for that specific
value being analyzed. The lower range was determined unimportant because it simply indicated more
insignificance as this just indicated a decrease in difference.

This analysis helped the team determine if extended sized specimens are not significantly different from
standard sized specimens. An extended specimen is determined to be significantly different if the
percent difference in a specimen size at a specific IHF, size, and material exceeds the average RSS value
plus a standard deviation, deemed as statistically different. This then allowed the team to assess the
value of testing extended sized specimens versus the standard sized specimens to get a better
understanding on when one dimensional burning stops.

See Appendix 5.6.7 for sample calculations of all the equations used above.

5.6.4 Time to Ignition

The time to ignition is defined using terminology from ASTM E1354 shown here,
"Sustained flaming occurs once a flame exists over most of the test specimen surface for at least 4 s. The
time to be reported as the time to sustained flaming is the time when the flaming was initially observed,
not the time when the 4 s period elapsed.”1

The time to ignition of the samples is first compared for standard sized specimens, i.e. sample 1 of

standard specimen 1 is compared to sample 2 of standard specimen 1 and then for extended sized
specimens. Table 7 gives the time to ignition percent difference values for standard sized specimens and
for extended sized specimens.
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% Difference 100mm |% Difference 175mm
Kreysler 125 kW/m"2 18% 45%
Kreysler 2 25 kW/m”2 3% 17%
Kreysler 1 50 kW/m~2 5% 5%
Kreysler 2 50 kW/mA2 1% 10%
Kreysler 175 kW/m~2 24% 2%
Kreysler 2 75 kW/m”2 3% 4%
CP 286 25 kW/m”"2 8% 17%
CP 702 25 kW/m”2 1% 35%
CP 802 25 kW/m”2 16% 2%
CP 286 50 kW/m”2 2% 6%
CP 702 50 kW/m~2 0% 14%
CP 802 50 kW/m"2 14% 18%
CP 286 75 kW/m~2 8% 11%
CP 702 75 kW/m~2 3% 19%
CP 802 75 kW/m"2 0% 53%

Table 7: Time to Ignition Percent Difference

Table 7 shows that standard sized specimens show better repeatability for time to ignition then all of
the extended sized specimens. After comparing the times to ignition in between same sized samples,
the percent difference between the standard sized specimens and extended sized specimens was found
using Equation 15- Equation 17. Table 8 shows these values for each specimen at specific heat fluxes.

% Difference Comparing 100mm and 175mm
Kreysler 125 kW/m*2 35%
Kreysler 2 25 kW/m#2 55%
Kreysler 1 50 kW/m#2 23%
Kreysler 2 50 kW/mA2 7%
Kreysler 175 kW/m~2 29%
Kreysler 2 75 kW/m"2 18%
CP 286 25 kW/m"2 32%
CP 702 25 kW/mA2 34%
CP 802 25 kW/m~2 13%
CP 286 50 kW/mA2 17%
CP 702 50 kW/mA2 12%
CP 802 50 kW/m"2 23%
CP 286 75 kW/mA2 14%
CP 702 75 kW/m~2 11%
CP 802 75 kW/mA2 62%

Table 8: Percent Difference Table between Average between Samples
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Table 8 shows a rather large percent difference between the average time to ignition of standard sized
samples of a specimen and the average time to ignition of extended sized samples of a specimen, which
may allude to the fact that testing extended sized samples in lieu of standard sized samples may not be
adequate. Although, it is possible that the large percent difference in samples of extended sized
specimens may have carried through to give the large percent difference seen in Table 8.

As described in the Analysis section, the RSS was found for each specimen because it is intended to give
a combination of both standard sized samples and extended sized samples percent differences to get a
total uncertainty or in this case percent difference. Table 9 gives calculated RSS values and percent
difference values between standard sized samples and extended sized samples given in Table 8 and
indicates whether the extended samples are significantly different than the standard sample sizes based
on criteria explained in Analysis section.

Time to Ignition
RSS for 100mm and |% Difference Comparing Is difference significant?
175mm 100mm and 175mm
Kreysler 125 kW/m”2 48% 34%[Not Significant
Kreysler 2 25 kW/m~2 17% 55%|Significant
Kreysler 1 50 kW/m~2 7% 23%[Not Significant
Kreysler 2 50 kW/m”2 10% 7%|Not Significant
Kreysler 175 kW/m”2 24% 29%|Not Significant
Kreysler 2 75 kW/m~2 5% 18%|Not Significant
CP 286 25 kW/mA2 19% 31%[Not Significant
CP 702 25 kW/m”2 35% 34%|Not Significant
CP 802 25 kW/m*"2 16% 12%[Not Significant
CP 286 50 kW/mA2 6% 17%|Not Significant
CP 702 50 kW/m”2 14% 11%|Not Significant
CP 802 50 kW/m~2 22% 23%|Not Significant
CP 286 75 kW/m*"2 14% 13%]|Not Significant
CP 702 75 kW/m”2 20% 10%|Not Significant
CP 802 75 kW/m*2 53% 61%|Significant
Average RSS 21% Avg + 1 Stand Dev. 35%
Stand. Dev RSS 14%

Table 9: Time to Ignition Significance Chart

Table 9 shows a majority of the % differences comparing standard and extended samples are not
significantly different than the average plus 1 standard deviation of the RSS value indicating that
standard and extended sized samples are not significantly different for time to ignition.
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5.6.5 Average HRRPUA from Time to Ignition-30s,-60s,-90,-120s
The HRRPUA data was obtained by taking HRR data in the cone and dividing by the burn area of the
specimen, see Equation 19

HRR
HRRPUA =
s

19

where,

HRR = Heat Release Rate (1 second data acquisition interval)
As : Burn Area of Sample

For standard sized specimens the As was a constant .009 m”2.

For extended sized specimens the As varied from test to test and was determined after the test by
examining the burn area of the sample. Figure 28 shows a sample post testing which shows the burn
area diameter by red lines. This value varies per sample tested but ranged from roughly .02 m”2 to .025
mA/2.

Figure 28: Burn area determination for extended samples.

The following equation was then used to find the Average HRRPUA.

SUM(HRRPUA(Ignition), ..., HRRPUA(t))
n

Average HRRPUA = 20

where,
t = time duration of average (30's,60s, 90 s, 120s)

n = number of data points
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5.6.5.1 Average HRRPUA from Time to Ignition to 30 seconds
The same procedure is followed for the average HRRPUA comparisons as the procedure comparing time
to ignition. Table 10 and Table 11 show percent differences between standard sized samples and
percent difference between extended sized samples for Time to Ignition - 30 s average HRRPUA.

Percent Difference between 100mm 0-30 s Average HRRPUA
IHF 25kW/m”2 50kwW/mn2 75kW/mn2
Krey 1 50% 15% 6%
Krey 2 26% 1% 9%
IHF 25kW/m”2 50kW/mn2 75kW/mn2
CP 286 13% 0% 8%
CP 702 17% 1% 10%
CP 802 1% 5% 3%

Table 10: Percent difference between 100mm samples HRRPUA (Ignition - 30s)

Percent Difference between 175mm 0-30 s Average HRRPUA
IHF 25kW/mn2 50kW/m~"2 75kW/mn2
Krey 1 12% 8% 19%
Krey 2 4% 5% 8%
IHF 25kW/mn2 50kW/m~"2 75kW/mn2
CP 286 12% 6% 7%
CP 702 7% 9% 9%
CP 802 20% 6% 4%

Table 11: Percent difference between 175mm samples HRRPUA (Ignition - 30s)

After comparing the average HRRPUA from time to ignition to 30s in between same sized samples, the
percent difference between the standard sized specimens and extended sized specimens was found
using Equation 15- Equation 17. Table 12 shows these values for each specimen at specific heat fluxes.

Percent Difference between 100mm and 175mm 0-30 s Average HRRPUA
IHF 25kW/mn2 50kW/m”2 75kW/mn2
Krey 1 29% 21% 7%
Krey 2 46% 3% 3%
IHF 25kW/m”"2 50kW/m~2 75kW/mn2
CP 286 25% 6% 7%
CP 702 16% 5% 19%
CP 802 42% 2% 8%

Table 12: Percent difference of average HRRPUA (Ignition - 30s) between 100mm and 175mm samples
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Table 12 shows varying percent differences between the average HRRPUA of standard sized samples of
a specimen and the average HRRPUA of extended sized samples of a specimen, which may allude to the
fact that testing extended sized samples in lieu of standard sized samples may not be adequate.

As described in the Analysis section, the RSS was found for each specimen because it is intended to give
a combination of both standard sized samples and extended sized samples percent differences to get a
total uncertainty or in this case percent difference. Table 13 gives calculated RSS values and percent
difference values between standard sized samples and extended sized samples given in Table 12 and
indicates whether, the extended samples are significantly different than the standard sample sizes
based on criteria explained in Analysis section.
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Ignition - 30 s Average HRRPUA

% Difference
RSS for 100mm and| ! . ¢ If difference
Sample IHF Comparing 100mm and| . ..
175mm significant?
175mm
Kreysler 1 25 kwW/m”2 52% 29%|Significant
Kreysler 2 25 kW/mA2 26% 46% |Significant
Sample
CP 286 25 kW/m”2 17% 25%(Not Significant
CP 702 25 kW/mA2 18% 16%|Not Significant
CP 802 25 kW/mA2 20% 42%|Significant
Ignition - 30 s Average HRRPUA
% Difference
RSS for 100mm and| ! . If difference
Sample IHF Comparing 100mm and| | ..
175mm significant?
175mm
Kreysler 1 50 kW/m~2 17% 21%([Not Significant
Kreysler 2 50 kW/mA2 5% 3%|Not Significant
Sample
CP 286 50 kW/m"2 6% 6% [Not Significant
CP 702 50 kW/mA2 9% 5%|Not Significant
CP 802 50 kW/m~2 8% 2%|Not Significant
Ignition - 30 s Average HRRPUA
% Difference
RSS for 100mm and| . ! . If difference
Sample IHF Comparing 100mm and| , ..
175mm significant?
175mm
Kreysler 1 75 kW/m”2 20% 7%|Not Significant
Kreysler 2 75 kW/m”2 12% 3%|Not Significant
Sample
CP 286 75 kW/m~2 11% 7%|Not Significant
CP 702 75 kW/mA2 14% 19%|Not Significant
CP 802 75 kW/mA2 5% 8% |Not Significant
0,
Average RSS 16% Avg + 1 Stand Dev. 28%
Stand Dev. RSS 12%

Table 13: HRRPUA (Ignition - 30s) Significance Chart




Table 13 shows a majority of the % differences comparing standard and extended samples are not

significantly different than the average plus 1 standard deviation of the RSS value indicating that

standard and extended sized samples are not significantly different for HRRPUA (Ignition to 30s).

5.6.5.2 Average HRRPUA from Time to Ignition to 60 seconds
The same procedure is followed for this section as with the proceeding section rendering similar

conclusions. The same procedure is followed for average HRRPUA comparisons as the procedure

comparing time to ignition. Table 14 and Table 15 show percent differences between standard sized

samples and percent difference between extended sized samples for Time to Ignition - 60 s Average

HRRPUA.
Percent Difference between 100mm 0-60 s Average HRRPUA
IHF 25kW/m”2 50kW/mn2 75kW/m”2
Krey 1 51% 15% 50%
Krey 2 28% 9% 23%
IHF 25kW/mn2 50kW/mn2 75kW/m~2
CP 286 10% 0% 6%
CP 702 16% 2% 8%
CP 802 5% 6% 3%
Table 14: Percent difference between 100mm samples HRRPUA (Ignition - 60s)
Percent Difference between 175mm 0-60 s Average HRRPUA
IHF 25kW/mn2 50kW/m~2 75kW/m"2
Krey 1 7% 0% 6%
Krey 2 4% 5% 10%
IHF 25kW/mn2 50kW/m"2 75kW/m"2
CP 286 7% 6% 5%
CP 702 48% 6% 6%
CP 802 15% 7% 3%

After comparing the average HRRPUA from time to ignition to 60s in between same sized samples, the

Table 15: Percent difference between 175mm samples HRRPUA (Ignition - 60s)

percent difference between the standard sized specimens and extended sized specimens was found

using Equation 15- Equation 17. Table 16 shows these values for each specimen at specific heat fluxes.
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Percent Difference between 100mm and 175mm 0-60 s Average HRRPUA

IHF 25kW/mn2 50kW/mn2 75kW/m”2

Krey 1 26% 3% 32%
Krey 2 48% 0% 20%
IHF 25kW/m”"2 50kW/m"2 75kW/m~n2

CP 286 18% 10% 2%
CP 702 34% 12% 10%
CP 802 33% 13% 15%

Table 16: Percent difference of average HRRPUA (Ignition - 60s) between 100mm and 175mm samples

Table 16 shows varying percent differences between the average HRRPUA of standard sized samples of
a specimen and the average HRRPUA of extended sized samples of a specimen, which may allude to the
fact that testing extended sized samples in lieu of standard sized samples may not be adequate.

As described in the Analysis section, the RSS was found for each specimen because it is intended to give
a combination of both standard sized samples and extended sized samples percent differences to get a
total uncertainty or in this case percent difference. Table 17 gives calculated RSS values and percent
difference values between standard sized samples and extended sized samples given in Table 16 and
indicates whether, the extended samples are significantly different than the standard sample sizes
based on criteria explained in Analysis section.
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Ignition - 60 s Average HRRPUA
RSS for 100mm and|% Difference Comparing If difference
Sample IHF -
175mm 100mm and 175mm significant?
Kreysler 1 25 kW/m"2 51% 26%|Not Significant
Kreysler 2 25 kwW/m”2 28% 48%|Significant
Sample
CP 286 25 kW/m"2 12% 18%|Not Significant
CP 702 25 kW/m"2 51% 34%|Not Significant
CP 802 25 kW/m”2 16% 33%|Not Significant
Ignition - 60 s Average HRRPUA
RSS for 100mm and|% Difference Comparing If difference
Sample IHF .
175mm 100mm and 175mm significant?
Kreysler 1 50 kW/m"2 15% 3%|Not Significant
Kreysler 2 50 kW/m"2 11% 0%|Not Significant
Sample
CP 286 50 kW/m"2 6% 10%|Not Significant
CP 702 50 kW/m*"2 6% 12%|Not Significant
CP 802 50 kW/m~2 10% 13%[Not Significant
Ignition - 60 s Average HRRPUA
RSS for 100mm and|% Difference Comparing If difference
Sample IHF L
175mm 100mm and 175mm significant?
Kreysler 1 75 kW/m~2 50% 32%|Not Significant
Kreysler 2 75 kW/m~2 25% 20%|Not Significant
Sample
CP 286 75 kW/m~2 8% 2%|Not Significant
CP 702 75 kW/m~2 10% 10%|Not Significant
CP 802 75 kW/m~2 4% 15%|Not Significant
Average RSS 20% Avg + 1 Stand Dev. 37%
Stand Dev. RSS 17%

Table 17: HRRPUA (Ignition - 60s) Significance Chart

Table 17 shows that a majority of the % differences comparing standard and extended samples are not

significantly different than the average plus 1 standard deviation of the RSS value indicating that

standard and extended sized samples are not significantly different for HRRPUA (Ignition to 60s).

5.6.5.3 Average HRRPUA from Time to Ignition to 90 seconds
The same procedure is followed for this section as with the proceeding section rendering similar

conclusions. The same procedure is followed for average HRRPUA comparisons as the procedure
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comparing time to ignition. Table 18and Table 19 show percent differences between standard sized
samples and percent difference between extended sized samples for Time to Ignition - 90 s Average
HRRPUA.

Percent Difference between 100mm 0-90 s Average HRRPUA
IHF 25kW/mn2 50kW/m”2 75kW/mn2
Krey 1 73% 14% 84%
Krey 2 11% 11% 54%
IHF 25kW/mn2 50kW/m”2 75kW/mn2
CP 286 10% 6% 3%
CP 702 17% 0% 7%
CP 802 6% 6% 3%

Table 18: Percent difference between 100mm samples HRRPUA (Ignition - 90s)

Percent Difference between 175mm 0-90 s Average HRRPUA
IHF 25kW/m”"2 50kW/m~"2 75kW/mn2
Krey 1 47% 1% 1%
Krey 2 3% 3% 9%
IHF 25kW/mn2 50kW/mn2 75kW/mn2
CP 286 5% 9% 2%
CP 702 77% 3% 11%
CP 802 12% 8% 3%

Table 19: Percent difference between 175mm samples HRRPUA (Ignition - 90s)

After comparing the average HRRPUA from time to ignition to 90s in between same sized samples, the
percent difference between the standard sized specimens and extended sized specimens was found
using Equation 15- Equation 17. Table 20 shows these values for each specimen at specific heat fluxes.

Percent Difference between 100mm and 175mm 0-90 s Average HRRPUA

IHF 25kW/m”2 50kW/m”2 75kW/mn2

Krey 1 18% 5% 52%
Krey 2 33% 4% 40%
IHF 25kW/m"2 50kW/mA"2 75kW/m"2

CP 286 15% 42% 1%
CP 702 46% 16% 7%
CP 802 29% 20% 19%

Table 20: Percent difference of average HRRPUA (Ignition - 90s) between 100mm and 175mm samples
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Table 20 shows varying percent differences between the average HRRPUA of standard sized samples of
a specimen and the average HRRPUA of extended sized samples of a specimen, which may allude to the
fact that testing extended sized samples in lieu of standard sized samples may not be adequate.

As described in the Analysis section, the RSS was found for each specimen because it is intended to give
a combination of both standard sized samples and extended sized samples percent differences to get a
total uncertainty or in this case percent difference. Table 21 gives calculated RSS values and percent
difference values between standard sized samples and extended sized samples given in Table 20 and
indicates whether, the extended samples are significantly different than the standard sample sizes
based on criteria explained in Analysis section.
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Ignition - 90 s Average HRRPUA
% Diff
RSS for 100mm and| I er'ence If difference
Sample IHF Comparing 100mm o
175mm and 175mm significant?
Kreysler 1 25 kW/m"2 87% 18%|Not Significant
Kreysler 2 25 kW/m”2 11% 33%[Not Significant
Sample
CP 286 25 kW/m"2 11% 15%|Not Significant
CP 702 25 kW/m~2 79% 46%|Not Significant
CP 802 25 kW/m"2 14% 29%|Not Significant
Ignition - 90 s Average HRRPUA
% Diff
RSS for 100mm and|” ! er.ence If difference
Sample IHF Comparing 100mm o
175mm and 175mm significant?
Kreysler1 50 kW/m"2 14% 5%|Not Significant
Kreysler 2 50 kW/m"2 12% 4%|Not Significant
Sample
CP 286 50 kW/m”2 10% 42%|Not Significant
CP 702 50 kW/m*2 3% 16%|Not Significant
CP 802 50 kW/m~2 10% 20%[Not Significant
Ignition - 90 s Average HRRPUA
% Difference
RSS for 100mm and| " ) If difference
Sample IHF Comparing 100mm o
175mm and 175mm significant?
Kreysler1 75 kW/m"2 84% 52%|Not Significant
Kreysler 2 75 kW/m”2 55% 40%|Not Significant
Sample
CP 286 75 kW/m~2 3% 1%|Not Significant
CP 702 75 kW/m~2 13% 7%|Not Significant
CP 802 75 kW/m"2 4% 19%|Not Significant
0,
Average RSS 27% Avg + 1 Stand Dev. 59%
Stand Dev. RSS 31%

Table 21: HRRPUA (Ignition - 90s) Significance Chart




76

Table 21 shows that all % differences comparing standard and extended samples are not significantly
different than the average plus 1 standard deviation of the RSS value indicating that standard and
extended sized samples are not significantly different for HRRPUA (Ignition to 90s).

5.6.5.4 Average HRRPUA from Time to Ignition to 120 seconds
The same procedure is followed for this section as with the proceeding section rendering similar
conclusions. The same procedure is followed for HRRPUA comparisons as the procedure comparing time
to ignition. Table 22 and Table 23 show percent differences between standard sized samples and
percent difference between extended sized samples for Time to Ignition - 120 s HRRPUA.

Percent Difference between 100mm 0-120 s Average HRRPUA
IHF 25kW/mn2 50kW/m”2 75kW/mn2
Krey 1 94% 15% 105%
Krey 2 15% 13% 57%
IHF 25kW/m"2 50kW/mA"2 75kW/m~"2
CP 286 11% 6% 1%
CP 702 17% 1% 9%
CP 802 6% 4% 2%

Table 22: Percent difference between 100mm samples HRRPUA (Ignition - 120s)

Percent Difference between 175mm 0-120 s Average HRRPUA
IHF 25kW/mn2 50kW/m"2 75kW/mn2
Krey 1 77% 1% 2%
Krey 2 8% 4% 8%
IHF 25kW/mn2 50kW/m”2 75kW/mn2
CP 286 6% 0% 2%
CP 702 95% 0% 41%
CP 802 9% 9% 29%

Table 23: Percent difference between 175mm samples HRRPUA (Ignition - 120s)

After comparing the average HRRPUA from time to ignition to 120s in between same sized samples, the
percent difference between the standard sized specimens and extended sized specimens was found
using Equation 15- Equation 17. Table 24 shows these values for each specimen at specific heat fluxes.



Percent Difference between 100mm and 175mm 0-120 s Average HRRPUA

IHF 25kW/mn2 50kW/m"2 75kW/mn2

Krey 1 21% 9% 61%
Krey 2 15% 5% 62%
IHF 25kW/m"2 50kW/m”2 75kW/mn2

CP 286 31% 65% 26%
CP 702 54% 17% 17%
CP 802 25% 24% 8%

Table 24: Percent difference of average HRRPUA (Ignition - 120s) between 100mm and 175mm samples
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Table 24 shows varying percent differences between the average HRRPUA of standard sized samples of

a specimen and the average HRRPUA of extended sized samples of a specimen, which may allude to the

fact that testing extended sized samples in lieu of standard sized samples may not be adequate.

As described in the Analysis section, the RSS was found for each specimen because it is intended to give

a combination of both standard sized samples and extended sized samples percent differences to get a

total uncertainty or in this case percent difference. Table 25 gives calculated RSS values and percent
difference values between standard sized samples and extended sized samples given in Table 24 and
indicates whether, the extended samples are significantly different than the standard sample sizes
based on criteria explained in Analysis section.
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Ignition - 120 s Average HRRPUA
% Diff
RSS for 100mm and|” ! er.ence If difference
Sample IHF Comparing 100mmand | . .
175mm 175mm significant?
Kreysler 1 25 kW/m"2 121% 21%([Not Significant
Kreysler 2 25 kW/m#2 17% 15%|Not Significant
Sample
CP 286 25 kw/m~2 12% 31%|Not Significant
CP 702 25 kw/m~2 96% 54%|Not Significant
CP 802 25 kW/m~2 11% 25%[Not Significant
Ignition - 120 s Average HRRPUA
% Difference
RSS for 100mm and|” ! . If difference
Sample IHF Comparing 100mmand | | .
175mm 175mm significant?
Kreysler 1 50 kW/m#2 15% 9%|Not Significant
Kreysler 2 50 kW/mA2 13% 5%|Not Significant
Sample
CP 286 50 kW/m"2 6% 65%[Not Significant
CP 702 50 kW/m~2 1% 17%|Not Significant
CP 802 50 kW/mA2 10% 24%|Not Significant
Ignition - 120 s Average HRRPUA
% Diff
RSS for 100mm and|” I er.ence If difference
Sample IHF Comparing 100mmand | . .
175mm 175mm significant?
Kreysler 1 75 kW/m"2 105% 61%[Not Significant
Kreysler 2 75 kW/m"2 58% 62%[Not Significant
Sample
CP 286 75 kwW/mAn2 3% 26%|Not Significant
CP 702 75 kW/mA2 42% 17%|Not Significant
CP 802 75 kw/m~2 29% 8%|Not Significant
0,
Average RSS 36% Avg + 1 Stand Dev. 76%
Stand Dev. RSS 40%

Table 25: HRRPUA (Ignition - 120s) Significance Chart

Table 25 shows that all % differences comparing standard and extended samples are not significantly

different than the average plus 1 standard deviation of the RSS value indicating that standard and

extended sized samples are not significantly different for HRRPUA (Ignition to 120s).
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In conclusion, if standard sized specimens and extended sized specimens of the same material exposed

to the same incident heat flux are compared directly for values of time to ignition and average HRRPUA

it appears they are not significantly different. This can be seen in Table 26 where red highlighted cells

indicate significant differences. Where these is a significant difference it really means the difference

between standard and extended samples is more than the average difference between individual

samples of both sizes plus a standard deviation. Since this is only the case for a few configurations and a

certain set of fire characteristics it is determined the two specimen sizes are not significantly different

and can be tested in lieu of one another, where an extended sample would be preferred where edge

burning may occur.

Difference between
Samples Size (Average
Time to Ignition)

Difference between
Samples Size (Average
HRRPUA Ignition - 30s)

Difference between
Samples Size (Average
HRRPUA Ignition - 60s)

Difference between
Samples Size (Average
HRRPUA Ignition - 90s)

Difference between
Samples Size (Average
HRRPUA Ignition - 120s)

Kreysler 1- 25 kW/m"2

34%

29%

26%

18%

21%

Kreysler 2 - 25 kW/m"2

55%

46%

48%

33%

15%

Kreysler 1 - 50 kW/m~"2

23%

21%

3%

5%

9%

Kresyler 2 - 50 kW/m”2

7%

3%

0%

40 0

5%

Kreysler 1- 75 kW/mA"2

29%

700

32%

52%

61%

Kresyler 2 - 75 kW/mA"2

18%

3%

20%

40%

62%

CP 286 - 25 kW/m"2

31%

25%

18%

15%

31%

CP 702 - 25 kW/m"2

34%

16%

34%

46%

54%

CP 802 - 25 kW/m”2

12%

42%

33%

29%

25%

CP 286 - 50 kW/m"2

17%

6%

10%

42%

65%

CP 702 - 50 kW/m"2

11%

5%

12%

16%

17%

CP 802 - 50 kW/m”"2

23%

2%

13%

20%

24%

CP 286 - 75 kW/m"2

13%

7%

2%

1%

26%

CP 702 - 75 kW/m”"2

10%

19%

10%

700

17%

CP 802 - 75 kW/m”"2

61%

8%

15%

19%

8%

Average RSS

21%

16%

20%

27%

3600

Standard Deviation RSS

14%

12%

17%

31%

40%|

Table 26: Significance Difference Chart

! ASTM Standard E1354, 2003, "Standard Test Method for Heat and Visible Smoke Release Rates for Materials and
Products Using an Oxygen Consumption Calorimeter," ASTM International, West Conshohocken, PA, 2011, DOI:
10.1520/E1354-11B, www.astm.org.
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5.6.7 Appendix - Sample Calcs
The following shows sample calculations for Kreysler 1 specimens at exposed to a IHF of

50kW/m?2 for time to ignition.

X1 =128 yq = 101s
Xo 1= 1345 yo = 1065

' |X1—X2| , |y1—y2|
=y = hmean(xl,xz) =g = hmean(yl,yg)
Eqq = 0.046 Eqgy, =0.048
Xy = hmean(xl,xz) Yq = hmean(yl,yz)
X, = 130.931s yq = 103.44s
ECI3 = |Xa _ ya|

- hmean(xa,ya)

Eqg = 0.238

Egg := J (qu)2 + (qu)2 = 0.067

Compare the % difference between standard and extended specimens to the average of the
population of RSS (Eq.5) values for all time to ignition data plus the standard deviation of this data
to determine if difference is significance. It turns out the average RSS + standard deviation is .35,

so the Kreysler 1 specimen sizes are not significantly different tested at IHF of 50 kW/m?2 for the
time to ignition parameter.



5.7 Appendix: Cone Calorimeter Inter- and Intra- Differences

Primary Author: Christian Acosta

For the case of time of ignition the two equations used were

r=4.1+.125¢t,

R =74+ 220t

81

And for the case of HRPUA, the equations used were for a heat release rate of a max of 180 since

there was not an equation which applied to the measured max of 120

r = 23.3+.037qprime

R =255+ .151qprime

The difference in both variables is that ‘r’ represents the repeatability found within one

laboratory during multiple tests. However the variable ‘R’ represents the repeatability found when a

different laboratory runs the same test.

The numbers calculated for the time to ignition provide us with the 95% probability that the

results of the second test for inter-® laboratory will fall within the range and for the results of that

laboratory for intra-® laboratory testing will fall within that range given.

The following table shows the average ‘r’ and ‘R’ values obtained for the entire test we ran for

time of ignition.

Table 27: Time to Ignition Uncertainty Values at Various IHF’s

Samples at IHF 4x4 175mm by r-Avg for TOI(s) | R-Avg for TOI(s)
TOI(sec) 175mm TOI(sec)

Kreysler 1-25kW/m”"2 0 303 23.6983 27.1256
Kreysler 2-25 kW/m”2 0 291 24.0211 28.4428
Kreysler 1-50 kW/m"2 118 97 17.5375 31.05
Kreysler 2-50 kW/m”2 105 99 25.6287 35.0035
Kreysler 1-75 kW/m”2 37 44 9.1625 16.31
Kreysler 2-75 kW/m"2 49 64 11.1625 19.83
CP 286-50 kW/m”"2 47 37 9.35 16.64
CP 702-50 kW/m”"2 67 59 11.975 21.26
CP 802-50 kW/m"2 30 24 7.475 13.34
CP 286-75 kW/m”"2 8 15 5.5375 9.93
CP 702-75 kW/m”"2 19 21 6.6 11.8
CP-802-75 kW/m”"2 4 1 4.4125 7.95
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The difference values between the HRRPUA for both standard and extended samples were graphed
along with both specimen size ignition times at the incident heat fluxes of 25 kW/m2, 50 kW/m2 and 75
kW/m?2 for both Kreysler specimen and 50 kW/m2 and 75 kW/m?2 for the Creative Pultrusion specimens.

This type of comparison is useful in the sense of understanding how the HRRPUA varies for each
test and how much both sample sizes deviate from each other throughout testing. The steady line found
at the beginning of the graphs is the difference in HRRPUA pre-ignition, which is why this line is found at
the zeroed area. The peak found after this point is due to the ignition of one of the specimen sizes. The
size of the peak will highly depend on how fast the first specimen size ignites in comparison to the other.
The noise found after the large peak translate to being the difference in HRRPUA during sustained
burning. Looking at the graphs, not only does it show us that the time of ignition is usually earlier for the
7"x7" specimens than the 4"x4", but it also burns at a level of 20—30kw/m2greater than the 4"x4"
specimen.

This was the case found at the majority of the incident heat fluxes, however for a few case it
was different. At the incident heat flux of 25kw, for both Kreysler 1 and Kreysler 2, the HRRPUA for
7"x7" were the only values recorded because the 4"x4" had not ignited until after the 7"x7" burnt out.
However, for the case of the 7"x7" testing, a lot of the times, the test were ended sooner than specimen
burnt out due to the fact that the test had gotten out of control. This may have in fact disrupted the
data and caused for a flame out time that was sooner than normal. Also, there were 3 cases where the
4"x4" specimens ignited sooner than the 7"x7" specimen which caused a concave peak in the negative
region. Though, after ignition, the steady noise rose back into the positive 20-30kw/m?range.

Note: For simplicity graphs are labeled in English units i.e. 4x4, which is 100mm by 100mm, and 7x7,
which is 175mm by 175mm.
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Difference of 7x7 & 4x4 at 25kW/m?
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Figure 29: Kreysler 1 HRRPUA Difference Graph at IHF of 25 kW/m’
Difference 7x7 & 4x4 at 25kW/m?
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Figure 30: Kreysler 2 HRRPUA Difference Graph at IHF of 25 kW/m?
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Difference of 7x7 & 4x4 at 50kW/m?2
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Figure 31: Kreysler 1 HRRPUA Difference Graph at IHF of 50 kwW/m?
Difference of 7x7 & 4x4 at 50kW/m?2
70
60
= 50
§ 40 e Kreysler Sample 2
= e |gnition 7x7
g o,
2 == |gnition 4x4
& —
b r-avg
< —R_avg

Time (seconds)

Figure 32: Kreysler 2 HRRPUA Difference Graph at IHF of 50 kW/m?
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Difference of 7x7 & 4x4 at 75kW/m?2
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Figure 33: Kreysler 1 HRRPUA Difference Graph at IHF of 75 kW/m’
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Figure 34: Kreysler 2 HRRPUA Difference Graph at IHF of 75 kW/m’
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Difference of 7x7 & 4x4 at 50kW/m?
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Figure 35: CP 286 HRRPUA Difference Graph at IHF of 50 kW/m?
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Figure 36 CP 702 HRRPUA Difference Graph at IHF of 50 kW/m?
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Difference of 7x7 & 4x4 at 50kW/m?2
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Figure 37: CP 802 HRRPUA Difference Graph at IHF of 50 kW/m?
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Figure 38 CP 286 HRRPUA Difference Graph at IHF of 75 kW/m?
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Difference of 7x7 & 4x4 at 75kW/m?
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Figure 39: CP 702 HRRPUA Difference Graph at IHF of 75 kW/m?
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Figure 40: CP 802 HRRPUA Difference Graph at IHF of 75 kW/m’




5.8 Appendix - B Parameter

Primary Author: Nicholas Nava
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The flammability parameter (B-parameter) as defined and described in Mowrer and Williamson was

used to assess whether or not a material will propagate.[1] The equation used for the B-parameter was:

B = .01*(HRRPUA)-1-(Tig/Tb)

The tables below show the charts for the Kreysler and Creative Pultrusion samples which were used

to solve for the B

Parameter.

Table 28: B Parameter Table for Kreysler Samples

B .01 * HRRPUA - 1- (Tig/Th)

Tig Time to ignition - shutter open time

Tb Burn time - time to ignition

Heat Flux (kW/m~2) |Sample Average HRRPUA (kW/m~2) |Tig (s) Th (s) B-Parameters

25 Kreysler System 1, Sample 1 33.2884 619 136 -5.2186
25 Kreysler System 1, Sample 2 50.2023 515 118 -4.8624
25 Kreysler System 2, Sample 1 63.9033 542 230 -2.7175
25 Kreysler System 2, Sample 2 81.4302 525 301 -1.9299
30 Kreysler System 1, Sample 1 48.7721 251 119 -2.6215
30 Kreysler System 1, Sample 2 64.0654 298 77 -4.2295
30 Kreysler System 2, Sample 1 77.8241 278 153 -2.0388
30 Kreysler System 2, Sample 2 68.1013 273 205 -1.6507
40 Kreysler System 1, Sample 1 57.8741 201 111 -2.2321
40 Kreysler System 1, Sample 2 70.0721 175 141 -1.5404
40 Kreysler System 2, Sample 1 84.1502 194 111 -1.9062
40 Kreysler System 2, Sample 2 88.7924 195 110 -1.8848
50 Kreysler System 1, Sample 1 74.1754 128 273 -0.7271
50 Kreysler System 1, Sample 2 80.2299 134 320 -0.6165
50 Kreysler System 2, Sample 1 89.3685 118 339 -0.4544
50 Kreysler System 2, Sample 2 75.1500 117 336 -0.5967
75 Kreysler System 1, Sample 1 69.9252 55 146 -0.6775
75 Kreysler System 1, Sample 2 74.2788 70 130 -0.7957
75 Kreysler System 2, Sample 1 93.2415 62 89 -0.7642
75 Kreysler System 2, Sample 2 90.1302 64 87 -0.8343




Table 29: B Parameter Table for CP Samples
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B .01 * HRRPUA - 1 - (Tig/Th)
Tig Time to ignition - shutter open time
Th Burn time - time to ignition
Heat Flux (kW/m”2) [Sample Average HRRPUA (kW/m~2) |Tig (s) Th (s) B-Parameters
15 Creative Pultrusion 286, Sample 1 66.6354592 646 124 -5.54332
15 Creative Pultrusion 286, Sample 2 0 933 -937 0

20 Creative Pultrusion 286, Sample 1 96.91956667 407 89 -4.60384
20 Creative Pultrusion 286, Sample 2 78.01693578 398 108 -3.90502
20 Creative Pultrusion 702, Sample 1 0 611 -615 0
20 Creative Pultrusion 702, Sample 2 0 603 -607 0

25 Creative Pultrusion 702, Sample 1 86.25988431 389 152 -2.69661
25 Creative Pultrusion 702, Sample 2 72.83838511 386 140 -3.02876
30 Creative Pultrusion 286, Sample 1 82.3008 176 164 -1.25016
30 Creative Pultrusion 286, Sample 2 87.5749 162 164 -1.11206
30 Creative Pultrusion 702, Sample 1 79.3482 255 121 -2.31396
30 Creative Pultrusion 702, Sample 2 89.9181 224 134 -1.77246
30 Creative Pultrusion 802, Sample 1 88.1609 148 107 -1.50157
30 Creative Pultrusion 802, Sample 2 84.7373 174 90 -2.08596
40 Creative Pultrusion 286, Sample 1 84.2954 115 136 -1.00263
40 Creative Pultrusion 286, Sample 2 78.7760 111 124 -1.10740
40 Creative Pultrusion 702, Sample 1 87.5061 133 133 -1.12494
40 Creative Pultrusion 702, Sample 2 89.3807 142 132 -1.18195

50 Creative Pultrusion 286, Sample 1 93.3300 63 102 -0.68435
50 Creative Pultrusion 286, Sample 2 93.8431 62 86 -0.78250
50 Creative Pultrusion 702, Sample 1 88.3320 82 97 -0.96204
50 Creative Pultrusion 702, Sample 2 89.2315 82 81 -1.12003
50 Creative Pultrusion 802, Sample 1 88.3736 46 93 -0.61089
50 Creative Pultrusion 802, Sample 2 85.4011 40 38 -1.19862
75 Creative Pultrusion 286, Sample 1 111.5730 23 65 -0.2381
75 Creative Pultrusion 286, Sample 2 110.5507 25 a4 -0.4627
75 Creative Pultrusion 702, Sample 1 107.3199 35 89 -0.3201
75 Creative Pultrusion 702, Sample 2 118.3305 34 54 -0.4463

The following plots show the B Parameter for Kreysler samples and Creative Pultrusion samples as a

function of indicant heat flux.
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Figure 41: Kreysler B Parameter Graph
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Figure 42: CP Samples B Parameter Graph
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Figure 43: CP 286 Sample B Parameter Graph
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Figure 44: CP 702 Samples B Parameter Graph
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Figure 45: CP 802 Sample B Parameter Graph

It can be seen in the figures above the B-Parameter increases as the incident heat flux increases which is
to be expected. A similar analysis was done for a 30 sec Peak HRRPUA but was not included here

because the results were very similar.

It can be seen that the flame spread parameter does not rise above 0. The B-Parameter is useful if we
know a sample does not spread flame and one that does spread so we can create a B-Parameter range
for flame spread. This is useful data but will only be used further if we do not have success with a fixed

pyrolysis length method of spread.

5.8.1 References
Mowrer, F.W., and Williamson, R.B.. “Flame Spread Evaluation for Thin Interior Finish

Materials”. Fire Safety Science-Proceedings of the Third International Symposium, p. 689-
698. [1]



5.9 Appendix - Cone Analysis Database
Primary Compiler: Christian Acosta

Secondary Compiler: Nicholas Nava

Primary Chart Creators: Shawn Mahoney, Nicholas Nava

Secondary Chart Creator: Christian Acosta

The following database shows data from testing in the Cone.
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Note: For reader to be able to relate more to size, graphs are labeled in English units i.e. 4”x4”, which is
100mm by 100mm, and 7”x7”, which is 1775mm by 175mm).

5.9.1 HRRPUA: 100 mm x 100 mm Specimens
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Figure 46: Standard Size Kreysler HRRPUA IHF 20kW/m’?
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Figure 47: Standard Size Kreysler HRRPUA IHF 25kW/m’
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Figure 48: Standard Size Kreysler HRRPUA IHF 30kW/m’



96

Kreysler Samples HRRPUA at IHF 40 kW/m2
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Figure 49: Standard Size Kreysler HRRPUA IHF 40KkW/m’
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Figure 50: Standard Size Kreysler HRRPUA IHF 50kW/m’
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Figure 51: Standard Size Kreysler HRRPUA IHF 75kW/m’
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Figure 52: Standard Size CP HRRPUA IHF 15kW/m2
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Figure 53: Standard Size CP HRRPUA IHF ZOkW/m2
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Figure 54: Standard Size CP HRRPUA IHF 25kW/m2
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Figure 55: Standard Size CP HRRPUA IHF 30kW/m2
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Figure 56: Standard Size CP HRRPUA IHF 40kW/m2




100

Creative Pultrusion Samples HRRPUA at IHF

50kW/m?2
160
140 %
120
(V]
€ 100 50 KW 3-1 286
5 —50 KW 3-2 286
~ 80 .
< =50 KW 5-1 702
& 60 -
e =50 KW 5-2 702
I
40 - e 50 KW 4-1 802
20 - 50 KW 4-2 802
0
0O 100 200 300 400 500 600 700 800 900 1000
Time After Shutter Open (seconds)
Figure 57: Standard Size CP HRRPUA IHF 50kW/m2
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Figure 58: Standard Size CP HRRPUA IHF 75kW/m2




5.9.2

HRRPUA: 175 mm x 175 mm Specimens
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Figure 59: Extended Size CP 286 HRRPUA IHF 25kW/mZ
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Figure 60: Extended Size CP 702 HRRPUA IHF 25kW/mZ
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Figure 61: Extended Size CP 802 HRRPUA IHF 25kW/m2
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Figure 62: Extended Size Kreysler 1 HRRPUA IHF 50kW/m2
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Figure 63: Extended Size Kreysler 2 HRRPUA IHF 50kW/m’
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Figure 64: Extended Size CP 286 HRRPUA IHF 50kW/mZ
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Figure 65: Extended Size CP 702 HRRPUA IHF 50kW/m’
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Figure 66: Extended Size CP 802 HRRPUA IHF 50kW/m2
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Figure 67: Extended Size Kreysler 1 HRRPUA IHF 75kW/m’
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Figure 68: Extended Size Kreysler 2 HRRPUA IHF 75kW/m’
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Figure 69: Extended Size CP 286 HRRPUA IHF 75kW/m’

HRRPUA (kW/m2)

Creative Pultrusion Sample 702 (7"x7")

HRRPUA at IHF 75 kW/m2

= Sample 702-1

= Sample 702-2

200

400 600 800 1000 1200
Time After Shutter Open (seconds)

Figure 70: Extended Size CP 702 HRRPUA IHF 75kW/mZ
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Figure 71: Extended Size CP 802 HRRPUA IHF 75kW/mZ
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5.9.3 Cone Analysis: 100mm x 100mm & 175mm x 175mm comparison

HRRPUA (kW/m2)

80

~
o

D
o

wu
o

B
o

w
o

N
o

[EEN
o

Kreysler 1 Samples HRRPUA at IHF 25 kW/m2

| s Sample 1-1 (4x4)

= Sample 1-2 (4x4)

== Sample 1-1 (7x7)

=== Sample 1-2 (7x7)

I

J

200 400 600
Time After Shutter Opens (seconds)

800

Figure 72: Kreysler 1 HRRPUA Comparison between Sizes IHF 25kW/m’
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Figure 73: Kreysler 2 HRRPUA Comparison between Sizes IHF 25kW/m’
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Figure 74: Kreysler 1 HRRPUA Comparison between Sizes IHF 50kW/m’
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Figure 75: Kreysler 2 HRRPUA Comparison between Sizes IHF 50kW/m2
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Kreysler 1 Samples HRRPUA at IHF 75 kW/m2
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Figure 76: Kreysler 1 HRRPUA Comparison between Sizes IHF 75kW/m’
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Figure 77: Kreysler 2 HRRPUA Comparison between Sizes IHF 75kW/m’
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Creative Pultrusion Sample 286
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Figure 79: CP 702 HRRPUA Comparison between Sizes IHF 25/30 kW/m’
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Creative Pultrusion Sample 802
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Figure 80: CP 802 HRRPUA Comparison between Sizes IHF 25/30 kW/m?
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Figure 81: CP 286 HRRPUA Comparison between Sizes IHF 50 kW/m?
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Figure 82: CP 702 HRRPUA Comparison between Sizes IHF 50 kW/m?
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Figure 83: CP 802 HRRPUA Comparison between Sizes IHF 50 kW/m?
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Figure 84: CP 286 HRRPUA Comparison between Sizes IHF 75 kW/m?

HRRPUA (kW/m2)

200
180
160
140
120
100
80
60
40
20

Creative Pultrusion Sample 702

HRRPUA at IHF 75 kW/m2

100

200 300 400
Time After Shutter Opens (seconds)

500

600

= Sample 702-1 (4x4)
= Sample 702-2 (4x4)
——Sample 702-1 (7x7)
= Sample 702-2 (7x7)

Figure 85: CP 702 HRRPUA Comparison between Sizes IHF 75 kW/m?
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Figure 86: CP 802 HRRPUA Comparison between Sizes IHF 75 kW/m?
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5.9.4 Time to Ignition and End of 1d Burning Data

Kreysler Time to Ignition
Comparison between Average 4x4 and 7x7
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Figure 87: Kreysler Sample Average Time to Ignition Comparison
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Figure 88: CP Sample Average Time to Ignition Comparison
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Figure 89: Average End of 1D Burning Time Comparison at IHF of 25 kW/m’
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Figure 90: Average End of 1D Burning Time Comparison at IHF of 50 kW/m’
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Figure 91: Average End of 1D Burning Time Comparison at IHF of 75 kW/m?




5.9.5 HRRPUA: No Edge Frame 100 mm x 100 mm Specimens
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Figure 92: No Edge Frame HRRPUA Kreysler 1 at IHF of 50 kW/m?

[
o
o

80

60

HRRPUA (kW/m2)

40

Kreysler Sample 092412-2 (4"x4" No Edge Frame)

HRRPUA at IHF 50 kW/m2

20
oJ :

400 600 800 1000 1200
Time After Shutter Open (seconds)

1400

= Sample 2-1

= Sample 2-2

Figure 93: No Edge Frame HRRPUA Kreysler 2 at IHF of 50 kW/m2
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Creative Pultrusion Sample 286 (4"x4" No Edge

Frame)
HRRPUA at IHF 50 kW/m2

120

100 -
Tg 80
=~
2
::: o0 e Sample 286-1
& 40 Sample 286-2
I

20

0 T T T T T T 1
0 200 400 600 800 1000 1200
Time After Shutter Open (seconds)
Figure 94: No Edge Frame HRRPUA CP 286 at IHF of 50 kW/mZ
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Figure 95: No Edge Frame HRRPUA at IHF of 50 kW/m2
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Figure 96: No Edge Frame HRRPUA CP 802 at IHF of 50 kW/m2
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5.9.6 Cone Analysis: No Edge Frame vs. Standard Comparison
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Figure 97: Kreysler 1 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m?
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Figure 98 Kreysler 2 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m?
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Creative Pultrusion Sample 286 Comparison

HRRPUA at IHF 50 kW/m2
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Figure 99: CP 286 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m?
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Figure 100: CP 702 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m’
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Figure 101: CP 802 No Edge Frame to Edge Frame Comparison HRRPUA at 50 kW/m?



5.9.7

HRRPUA: Additional Tests
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Figure 102: Standard Size CP Sandwich Panel HRRPUA at IHF of 50 kW/m2
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Figure 103: Extended Size CP Sandwich Panel HRRPUA at IHF of 50 kW/mz
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Figure 104: Size Comparison CP Sandwich Panel HRRPUA at IHF of 50 kW/m?



5.9.8

Stair Step IHF Cone Test Data
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Figure 105: HRRPUA CP 286 Stair Step Heating
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Figure 106: Average HRRPUA CP 286 Stair Step Heating
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Figure 107: Average HRR CP 286 Stair Step Heating
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Figure 108: Composite HRR CP 286 After Condensing Stair Step Heating
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Figure 109: HRRPUA Kreysler 1 286 Stair Step Heating
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Figure 110: Average HRRPUA Kreysler 1 Stair Step Heating




131

30

25

20

15

10

Heat Release Rate (kW)

Average HRR for Three Areas Kreysler 1

e Area 2

e Area 3

e Area 1

proves PR R

100 200 300 400 500 600
Time After Shutter Open (seconds)

Figure 111: Average HRR Kreysler 1 Stair Step Heating
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Figure 112 : Composite HRR Kreysler 1After Condensing Stair Step Heating
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Figure 113 : HRRPUA FSI .075 Stair Step Heating
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Figure 114 : Average HRRPUA CP 286 Stair Step Heating
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Figure 115 : Average HRR FSI .075 Stair Step Heating
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5.10 Appendix - E-84 Flame Length Correlations from Cone Calorimeter

Data
Primary Author: Shawn Mahoney

For our project, we will create a correlation for the flame height produced in the ASTM e84
Tunnel Test of a given material from data collected in the ASTM 1354 Cone Calorimeter Test. In order to
create this correlation, we will be exploring existing flame height correlations and adjusting them to fit
the parameters in the ASTM e84 Tunnel Test. This is important because flame height has been proven to
be one of the two most important parameters that control the rate in which a flame spreads [3]. This
correlation will help us determine the ability for a material to pass the ASTM e84 tunnel test with only
running the material through the much less invasive ASTM 1354 test. This is possible because the
determination of passing this ASTM e84 test is based upon the flame length created. In the case of the
ASTM e84 test, it is measured through the distance a flame will travel down a tunnel given a material on
the ceiling that is combusted. This brief will explain the different approaches that we took in order to
end up at the final correlation described in the conference paper.

5.10.1 Flame Height

In order to be able to utilize these calculations we must first understand the study of flame
heights. The most basic part of flame height seems to be the determination of the height itself. Most
studies are based upon the visual observation of the flame itself [2]. This is determined by the average
position of the luminous flame by eye, but the use of digital images has allowed this method to become
more systematic. But the use of visual determination still depends on the establishment of a luminous
flame[2]. Because of this, some scientists such as Hasemi and Quintiere began to determine the tip of
the flame by detecting a temperature rise of 10 degrees C, and furthermore, chemical height of the
flame as well. The chemical flame height was defined by Hawthorne as “the distance to the point of 99%
complete combustion [1]. But in the scope of our project we will be focusing on the luminous flames
because the e 84 tunnel test depends on the luminous flame. We will also be focusing on determining
the flame height based upon the heat release rate determined in the cone calorimeter.

Empirical studies were completed in order to derive an equation that relates flame height to the
dimensionless number known as the Froude number. The Froude number is a ratio of the inertia force
on an element of fluid in to the weight of the fluid element. It is calculated as seen below.

Fr = /\/a

Fr=Froude number
v= Velocity
g= Gravity
I= Characteristic Length

This dimensionless ratio has been incorporated with the heat release in order to create a value
known as Q*. This value has then been used to help find a correlation between the height of the flame
and the heat released. The value for Q* can be seen below.
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*x Q
Q - pCpTO\/ﬁ [3]

Q=Heat Release rate per unit width (kW/m)
Rho= Density of the Fuel (kg/m®
C,= Specific Heat of the Fuel (kJ/kg)
To=Ambient Temperature (K)
g= gravitational acceleration (m/s?)
D= Diameter of fuel source (m)
The Froude number will prove to be a very important variable in most of the flame height equations that
we consider for our correlation.

5.10.2 Equations to Be Used
In order to help us establish a correlation we need to find an existing flame height equation that we can
adjust to determine the flame length in the ASTM e84 tunnel test based upon the Heat Release Rate.
From our research we have found numerous equations that relate flame height to the Heat Release
Rate, but each equation is based upon different burning configurations. The burning configuration that
best fits the burning in the Tunnel Test is known as concurrent flow flame spread. Equations that model
the concurrent flow flame spread work under the assumption that the flame is extending in the
direction of the flow of air. This is analogous to the conditions in the Tunnel Test because there is an
imposed air flow of 2 m/s in the direction that the flame is to spread. Equations modeling concurrent
flow flame spread are created by correlating a flame height created from a concurrent flow, which is
usually air flow created by natural convection. This flame height is then correlated to a known heat
release rate of the fire. These equations have been compiled in order to find one that can best be
adapted in order to model the flame height in the Tunnel Test.

Equation 1

Studies completed by Delicharsios, Quintiere, Acklund, and Yuji Hasemi concluded that the
flame height on a wall proportional to the rate of heat release rate per unit width. These correlations for
flame height were developed from existing data and simple source theory based on conservation of
mass, momentum, and energy in the fire plume.[6] These studies were also completed using line
burners which makes this equation extremely pertinent towards our research.

== a(Q")" [357] Qis inkW/m

As found by Zuskoski and presented by Newman, for values of Q" less than .15, a=40 and n=2 (2). This
basic flame height equation will be a consideration for a basis of our flame length correlation in the
ASTM-e84 tunnel test because the ceiling of the tunnel can be construed as a horizontal wall.

Equation 2

The next equation that we will be considering for our correlation is an equation developed by
Delichatsios and verified further by King-Mon Tu and James Quintiere [9]. This equation was specifically
verified with multiple types of wall materials mounted vertically. It was proven by King-Mon Tu and
Quintiere that the flame height is proportional to the heat release rate per unit width of the material to
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the 2/3 power. As noted in their paper they state that the initial slope as denoted in the equation as W
can vary with fire conditions, but found to be around 004.33 and 006.66.

Q 2/ i
Xe=W(———)/3QisinkW[9
f (CpToopoo.gl/z) Q [ ]
The values for specific heat, temperature, and density are for air. This equation proves to be a very good
option for a use as our correlation. The value of W is a coefficient that we can be determined for the
Tunnel Test from experimental data.

Equation 3

The final equation that we will be using in our analysis is an equation developed by William Parker as a
correlation for heat release rate to distance down an ASTM e84 tunnel test, which was determined
through oxygen depletion calorimetry in the ASTM e84 Tunnel. The equation is as follows

d =(0.61+49 Q) Qisin MW[11]

Q is the total heat release rate production in MW. This is obtained by multiplying the Heat Release per
unit area found in the cone calorimeter by the area of the specimen burning in the tunnel.

5.10.3 Materials Collected for Correlation
For our correlation, it will be necessary to collect the heat release curves for multiple materials and
compare that to available flame lengths in the ASTM e-84 tunnel test. In order to do this we have
consulted existing FRP companies, and through great cooperation they sent us samples of their most
populate class A FRPs along with the ASTM e-84 results.

5.10.3.1 Crane Composites
Crane composites was founded as a Kemlite Company in 1954, and is now currently the world’s leading
manufacturer of fiber-reinforced plastics. They have been extremely kind, and have sent us two of their
most popular class A FRPs. These include two products from their Glasbord with Surfaseal line. One
sample is their FSI- 0.075 Class A Fire-Rated 85 White Smooth FRP and the other sample is their FX-0.090
Class A Fire-Rated 85 White Pebbled Embossed FRP. With much generosity, they have sent us one 1 foot
by one foot sample of each style. This will allow us to collect around 9 sets of heat release data to be
compared with the flame lengths found in the ASTM e-84 tunnel test.

5.10.4 ASTM 1354 Test Procedure

In order to use these equations we need to find a heat release rate from the material that can
be analogous to the heat release rate created in the ASTM e84 tunnel. To do this we need to better
represent the conditions in the tunnel in the cone calorimeter. In order to do this we must find a test
procedure for this specimen that matches the imposed heat flux of the tunnel test. To determine this
test procedure we will be utilizing two data acquisitions made by William Parker [11], the first being the
heat flux in the tunnel over time at 2 feet from the tunnel. This measurement was made using a water-
cooled Gardon total heat flux gauge. The graph of this information can be seen below in Figure 121.
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Figure 121: Incident Heat Flux at Two Feet Over Time

From this graph it can be seen that the incident heat flux imposed on the specimen is a function of time
from the beginning of the test. We will use this data to help us create a test sequence in the cone that
represents the imposed heat flux on the sample inside the Steiner Tunnel. The next aspect of the
imposed heat flux that we will look at is the imposed heat flux on the sample as the distance from the
burner increases. We obtained this data from William Parker as well and it can be seen below in Figure
122.
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Figure 122: Incident Heat Flux per Distance in E-84 Tunnel

From this graph it can be seen that the imposed heat flux on the specimen is also a function of the
distance from the burners. It was noted in Parkers research that he used thermocouples mounted on
the front and rear surface of asbestos millboard every .1 meters in order to calculate the heat flux from
the temperature differences rather than a water cooled heat flux gauge. This accounts for the lower
peak heat flux in the distance graph because the thermocouple technique does not measure total heat
flux. For our correlation we need to use the heat flux measured with the water cooled heat flux gauge
because the incident heat flux in the cone calorimeter is measured using a water cooled heat flux gauge.
Because of this, we have decided to combine the two sets of data. In order to do this we took the shape
created by the thermocouples mounted every .1 meters and scaled it to match the heat flux measured
with the water cooled heat flux gauge. In order to this we made three incident heat flux charts per
distance as time increases in the tunnel. This was used by taking the maximum incident heat flux of 60
kW/m? and the minimum heat flux of 25 kW/m? from Parkers incident heat flux over time graphs and
using them for the peaks of three time intervals. The three time intervals that we chose are 0-1.5 min,
1.5-4.75 min, and 4.75-10 min. Finally, we have also only focused on the first 4.5 feet of the tunnel
because this is the area that is affected most by the burners. This is a good estimation for class A
materials because they do not tend to spread as the test goes on. We are assuming a static pyrolysis
area that is equivalent to the area of the specimen impinged by the flame. The three heat flux over
distance graphs can be seen below in Figure 123.
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Figure 123: IHF Over The First 4.5 Feet per Time

After we created these graphs we needed to divide the 4.5 feet into areas that we could determine a
heat flux over time graph to run in the cone. We decided to make this test easier; we need to choose the
lowest number of areas to get accurate data because each area will ultimately account for a different
heat flux step run in the cone. From Figure 124 seen below you can see that we divided the first 4.5 feet
into three, foot and a half long areas along the 17 inch width of the tunnel.



Figure 124: Tunnel Test Burn Areas

After dividing the 4.5 feet into three testing areas we looked at the graph to try and decide average
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values for each of the three time steps that we chose. The estimated average values that we chose can

be seen below in Figure 125.
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Figure 125: Incident Heat Flux over The First 4.5 Feet per Time
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Next, from each of the three average values for each of the three testing areas we were able to
construct an incident heat flux step curve that best represents the conditions in the cone. These three
step curves can be seen below in Figure 126.
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Figure 126: IHF for 3 Burn Sections in Burn Area over Time

After attempting to recreate these steps in the Cone Calorimeter it was obvious that these steps could
not be recreated because the cone heater takes time to heat up. We also would like these steps to look
more like the graph generated by William Parker in which the Incident Heat Flux in increasing with time
rather than stepping up. From this information we revised the curves to allow for the cone heater to
heat up and this in turn follows the heat flux mapping created by William Parker. The graph of the
revised curves can be seen below in Figure 127.
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Figure 127: IHF for 3 Burn Sections in Burn Area Over Time

After we created the ideal heat flux curves we needed to then create the three steps in the cone. In
order to do this we mounted a heat flux one inch below the cone heater and recorded the incident heat
flux over time. After some trials we created the three different curves by changing the temperature on
the cone controller over the 10 minutes of the test. These three temperature steps can be seen below in
Table 30. The temperatures noted are average temperatures, in order to keep our data consistent we
would constantly check these temperatures with a heat flux gauge to ensure the proper heat flux as the
temperature probe inside the cone heater had a tendency to move around during heat cycles.

Table 30: Heat Flux Curves in Cone

Area 1 Area 2 ‘ Area 3

Heat Flux  Start Time  EndTime  HeatFlux Start Time EndTime HeatFlux Start Time End Time

(kW/m?2) (seconds) = (seconds)  (kW/m2) (seconds) (seconds) (kW/m2) (seconds) (seconds)
10 kW 0 1:25 25kwW 0 1:00 20 kW 0 1:25
15 kW 1:25 3:40 60kW 1:00 10:00 30 kW 1:25 3:25

22.5 kW 3:40 10:00 45 kW 3:25 10:00
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While creating these three different heat flux curves we were also recording the incident heat flux over
time and repeated each step twice. The data that we collected versus the ideal curves can be seen
below in Figure 128.
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Figure 128: IHF for 3 Burn Sections in Burn Area Over Time

From looking at these curves it can be seen that there is some significant oscillation in the
incident heat flux created by the cone heater. This is due to the nature of the temperature controller
trying to increase and decrease the temperature in order to level out at a constant level. The oscillation
becomes a bit more apparent while the cone is heating up, this is also due to the nature of the
temperature controller that we are using.

After we created the curves it was time to run our specimens in the cone calorimeter utilizing
them. We ran two samples of each specimen that we had with each of the three curves that we created
for a total of 6 tests per specimen. We then took the heat release rates generated from the cone
calorimeter and calculated an overall heat release rate for the entire 4.5 length utilizing a method
described below.

5.10.5 Composite Heat Release Rate Calculations
In order to use the equations that were discussed before in our correlations we will need to generate a
single heat release rate over time for each specimen to put into the calculations. To do this we first
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averaged the heat release rate per unit areas of the two samples run at each of the three incident heat
flux curves. All of my sample calculations will be using values found for CP 286 at 100 seconds

(HRRPUA sample 1) + (HRRPUA sample 2)
2

= Average HRRPUA

(.4759 kw/m?) + (. 4671 kw/m?)
2

= 4715 KW/,

This equation was completed for each second of all three of the incident heat flux curves for a total of
three average heat release rates per unit area curves for each specimen that was run in the test. This
gave us three different heat release rate per unit area curves, one for each of the three areas in the 4.5
foot (1.4 meter) distance. After this was completed we needed to convert the heat release rate per unit
area into a heat release rate. This was done by multiplying each heat release rate curve that was created
by the area of one third of the first 4.5 foot (1.4 meter) section of the curve. This is because each heat
release rate per unit area curve is only applied to the section of the burn area that is affected by that
incident heat flux. The area was calculated in meters because the heat release rates given from the cone
calorimeter are in units of KW/m?.

1l4m=* 43 m

= .20 m? per area
3 areas

HRRPUA * .20 m? = Heat Release Rate

4715 KW/ ) 20m? = 0943 kw

After converting each curve for each area to a Heat Release Rate we then added them together in order
to create a total heat release rate for the first 4.5 feet (1.4 meters) of the tunnel.

HRR of Area 1 + HRR of Area 2 + HRR of Area 3 = Composite HRR for Specimen
.0943 kW + 1.0574 kW + .1486 kW = 1.3003 kW

For the first two equations that we will be looking at, the Heat Release Rate must be converted to a Heat
Release Rate per unit Width. In the case of the Tunnel, the width is 17 inches. We converted this to
meters and divided the total heat release rate in order to arrive at a heat release rate per unit width.

Composite Heat Release Rate o kW
= Heat Release Rate per unit width ( /m)

.43 meters

1.3003

_ kW
.43 meters 3.0240 /m

These calculations were completed at each second for the first 600 seconds after shutter open in order
to create a composite heat release rate per unit width over time. This heat release rate per unit width
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over time curve was then used in the equations to determine which equation would become the best
basis for our correlation. This Process of creating the composite heat release rate for CP 286 can be seen
in Figure 129 through Figure 133.
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5.10.6 Equation Analysis
Now that we have a composite heat release rate that represents the conditions in the tunnel, we
needed to find a preexisting equation that could be adjusted to reflect the conditions in the tunnel. In
order to do that we will use the tree equations discussed earlier. These three equations are

L
Equation 1: D= a(QMH"

Q

QC=—r
PCpTowr/ gD

Q= Rate of Heat Release per unit width (kW/m)
L=Flame Length (m)
D= Characteristic Length (.4316 m)
o= Constant (6.0)
n= Constant (.8 for Q*<1)

Equation 2: Xy = W(Ll/)%
CpToopoog 2

Q= Rate of Heat Release per unit width (kW/m)
Xf= Flame Length (m)
W= Constant (4.6)
Q= Rate of Heat Release per unit width (kW/m)

Equation3:d = (0.61 +49 Q)

d= Flame Extension (m)
Q= Total Rate of Heat Production (MW)

For equation three all we needed to do was convert the composite HRR from kilowatts to megawatts
and plug it into the equation. This is because the equation was found by William Parker from oxygen
depletion calorimetry in the tunnel, it already accounts for all of the factors.

HRR (kW) / 1000 = HRR (MW)
1.3004 kw / 1000 = .0013004 MW
d = (0.61+ 49 Q)
d = (0.61 +49.0013004) = .6737 meters

For equations one and two on the other hand, there are some extra variables that we need to account
for. This is the specific heat, temperature, and density of air as well as gravity. For these equations we
will be using ambient conditions.
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T, =273K
kg
Poo = 1.18 W
m
g=981

We used these values in equations one and two to calculate the flame lengths. Before we calculate the
flame length for equations one and two we must account for the heat release from the burners in the
ASTM e-84 tunnel. This was found by converting the given flow found in the ASTM e-84 standard [12].

5000 BTU 1 Min 1055.06 Joules 1 Watt 1 Kiliowatt

= 87.92 Kilowatt
Min  60Secconds  1BTU ;] 1000 Watts rowatts
S

This now needs to be converted to a heat release rate per unit width in the tunnel.

88 kW

_ kW
.43 meters 2044651 /m

For simplicity we will round this to 204 kW/m. Due to this additional heat release rate creating a flame in
the tunnel, we must add 204 kW/m to the heat release rate of the material to arrive at the heat release
rate that contributes to the flame length. The first thing we needed to do for equation one is compute
Q*. Keeping in mind that Q for equation one is a heat release per unit width.

. Q
=
pCpTeor/gD

3.0240 KW/ + 204 KW/ _ coon

Q"=

118 X9 . ]’C‘—] K+ 273 KJ9.81 ™ « 4316 3m
m g S

We then put Q* into equation one to receive a flame length.
L
p = a@)"
L=Dxa(Q")"
L= 4316 6.0 (.6604)® = 1.8512 meters

Equation two is the same method, however we did not need to compute Q*.

L)Z@

X, =W(
f 1
CpTooPoog /2
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3.0240 kW / m + 204 KW/,

118 X9 .4 ,’;‘—]1{* 273K /9.81m2
m g s

After the length was calculated for each second of the Heat Release Curve for the first 600 seconds, we

X; = 4.6( )?/3 = 1.5000 meters

converted from meters to feet in order to compare to the known values found in the ASTM e-84 tunnel
test which is in English units.

3.2808 Foot
Meters x ——— = feet
1 meter
3.2808 Foot
.6737 meters x —————— = 2.2103 feet
1 meter
3.2808 Foot
1.8512 meters *x ————— = 6.0734 feet
1 meter
3.2808 Foot
1.5000 meters *x ———— = 4.9212feet
1 meter

Due to the nature of William Parkers equation, this is as far as we will go with it. This correlation already
accounts for the velocity in the tunnel and already gives the flame length as an extension past 4.5 feet.
For equation one and two on the other hand, we want to adjust them to account for both the velocity of
air in the tunnel and the fact that the flame length must be converted to an extension past the 4.5 feet
burn area.

5.10.6.1 Air Velocity Correction
In the ASTM e-84 standard it is noted that the velocity in the tunnel must be 1.22 m/s £ .0233 m/s. We
have concluded that this velocity in the tunnel will have an effect on the length of the flame, ultimately
increasing it. In order to determine how much the flame will increase when imposed by wind, we have
consulted work completed by Fernandez-Pello [13]. We specifically used his Pyrolysis Length vs Flame
Length for several flow velocities. This graph can be seen below in Figure 134.
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Figure 134: Flame Length vs Velocity of Air Movement

After estimating a flame length for a velocity of zero it can be seen that the flame length increase from
275 mm to 500 mm with a velocity of 1.25 m/s, because of this notion we will increase the flame lengths
produced by equations one and two by a factor of 1.8 which was found using the equation below.

500 mm _q
275mm

The lengths were then increased using the following equation.
Length (feet) x 1.8 = Length Corrected for Wind
6.0734 feet » 1.8 = 10.9321 feet
49212 feet * 1.8 = 8.8582 feet

5.10.6.2 Flame Extension
The final correction that needed to be made to equations one and two is the fact they calculate the total
flame length, however in the ASTM e-84 tunnel test they measure extension past 4.5 feet of the
specimen. In our correlations we have assumed an origin that occurs 4.5 behind the line that the ASTM
e-84 standard considers zero. Because of this we need to subtract 4.5 feet from our calculated flame
lengths in order to arrive at an extension past the ASTM e-84 zero line.

Calculated Flame Length — 4.5 feet = Flame Extension
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10.9321 feet — 4.5 feet = 6.4321 feet of extension

8.8582 feet — 4.5 feet = 4.3582 feet of extension

5.10.6.3 Comparison
After completing the calculations for all four of our specimens, it was time to compare the results to pick
the best flame equation to use. The three flame length equations can be seen graphed against known
distances found in the ASTM e-84 tunnel test for all four of our specimens in Figure 135 through Figure

138.
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Figure 135: Flame Length Extension Kreysler 1
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Figure 137: Flame Length Extension FSI .075
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Figure 138: Flame Length Extension FXE .090

After comparing all of the results, it can be seen that equation 2 gives us the best correlation of flame
length for all four specimens. The fact that it may not be exact for all of them will be adjusted for next by
determining the best value for W in the equation.

5.10.6.4 Flame Spread Index Calculations
After deciding to use equation two as a basis it was important to decide how to calculate the flame
spread index from the flame lengths. For this procedure we consulted the ASTM e-84 standard to
determine the guidelines. The first thing that must be done in our correlation is not allow the flame to

recede down the tunnel. This was completed in excel by using a simple if statement. The set up can be
seen below in Figure 139.
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Figure 139: Setting Up No Flame Back in Excel
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This formula gave use flame extension over time that looked more like the ASTM e-84 results which did
not show flame back. These graphs can be seen in Figure 140 through Figure 143.
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Figure 140: Flame Length Extension with No Flame Back Kreysler 1
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Figure 141: Flame Length Extension with No Flame Back CP 286
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Figure 142: Flame Length Extension with No Flame Back FSI .075
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Figure 143: Flame Length Extension with No Flame Back FXE .090

The next part to calculating the Flame Spread Index is to calculate the area under the curve. This was
done by using the Trapezoid Rule for approximating integrals. In order to complete this method the
average of the first two values must be taken, after that the average is multiplied by the distance
between the two points to create an area. This is then completed for each point along the curve and
added together to create a total area under the curve.

Point 1+ Point2 1
> * 20 min = area (ft * min)

4.3585 feet + 4.3585 feet 1 | )
> * 20 min = 0.0726 (ft * min)

Once the area under the curve is found it is then multiplied by a factor supplied in ASTM e-84. The factor
is .515 if the area is less than 97.5 ft.*min. All of our specimens had areas well below 97.5 ft.*min, so
this is the only equation we need.

Area Under Curve = .515 = FSI

66.6324 (ft * min) *.515 = 34.3157

5.10.6.5 Adjustment of Equation
Now that we have a basis to judge that accuracy of our flame length model, it is time to adjust the

equation to best fit all four of our specimens, in order to do that we will adjust the W in the following
equation.
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¢,

Xp=W(———
f 1
CpTooPoog 2

To find the best value we adjusted the W for each specimen separately until we arrived at a calculated
flame spread index that equals the flame spread index measured in the ASTM e-84 tunnel test. The
found values for W can be seen below in Table 31.

Table 31: Values for W

Kreysler 1 3.576
CP 286 3.140
FSI .075 2.790
FSI .090 2.957

All four of these values were then averaged to arrive at the best value for W for all four of these
specimens. The value for W was found to be 3.116. When this value of W was used in the equation, the
following flame spread indexes were found and compared to the known unrounded values. The percent
error can be seen in Table 32.

Table 32: Percent Error

Calculated Known Percent Error
Kreysler 1 12.73 18.00 29.26
CP 286 15.77 16.00 1.45
FSI .075 18.02233332 13.7 31.55
FSI .090 16.33504454 14.35 13.83

19.02 | Average Error

After the value for W was determined, it was time to take a look at the flame extension over time
graphs. These graphs can be seen below in Figure 144 through Figure 147.



Distance (feet)

Distance (feet)

20

18

16

14

12

10

20

18

16

14

12

10

161

= Equation 2

Known

/

100 200 300 400 500 600
Time After Shutter Open (seconds)

Figure 144: Flame Length Extension With No Flame Back Kreysler 1
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Figure 145: Flame Length Extension With No Flame Back CP 286
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Figure 146: Flame Length Extension with No Flame Back FSI .075
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After looking at these graphs it can be seen that the zero of the correlation is 1.45 feet above the zero of
the known values. | believe that this can be attributed to adding too high of a Heat Release for the
burners. To determine the correct amount | will solve the equation for the heat release rate when the
length is 1.37 meters (4.5 feet), W is 3.116, and adding in the velocity adjustment term of 1.8 . This will
give us the heat release rate per unit width that should be added for the burners.

X =V W(Ll)%
CpTooPoog 2

Q W/

1.18 k—%*1f{‘—’1{* 273K /9.81m2
m g s

Q =1.63.8878 kW /m

137 = 1.8 % 3.11( Y?/3

Q of Burners = 70.7668 kW

After completing this adjustment, the new heat release rate was added to the heat release rate. After
looking at the curves it was seen that the zero was still high by about % of a foot. In turn, the heat
release from the burners was reduced to 60 kW. After this correction was made, a new value for W

needed to be determined. This was completed using the same steps above. The value for each specimen
can be seen below in Table 33.

Table 33: Values for W

Kreysler 1 4.350
CP 286 3.750
FSI .075 3.250
FSI .090 3.500

From these values, the average was found to be 3.713. When this value of W was used in the equation,
the following flame spread indexes were found and compared to the known unrounded values. The
percent error can be seen in Table 34.

Table 34: Percent Error

Calculated Known Percent Error
Kreysler 1 12.08 18.00 32.91
CP 286 16.01 16.00 0.03
FSI .075 18.89097731 13.7 37.89
FSI.090 16.7338552 14.35 16.61
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After making this change, the average error went up, this signifies that the correlation is not aiding from
the change. To double check it is time to take a look at the new flame extension over time graphs. These
graphs can be seen below in Figure 148 through Figure 151.

Distance (feet)

20

18

16

14

12

10

= Equation 2

e KNOWN

/

100 200 300 400 500 600
Time After Shutter Open (seconds)

Figure 148: Flame Length Extension with No Flame Back Kreysler 1
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Figure 149: Flame Length Extension with No Flame Back CP 286

= Equation 2

Known

100 200 300 400 500 600
Time After Shutter Open (seconds)

Figure 150: Flame Length Extension with No Flame Back FSI .075
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Figure 151: Flame Length Extension with No Flame Back FXE .090

These graphs have the same issue as the iteration above; because of the higher average percent error
on the second iteration | will be reverting back to the equation that utilizes a value of 3.116 and adding a
value of 88 kW for the burners.

5.10.6.6  Pyrolysis Length Sensitivity
One discussion that comes up about this flame length correlation is whether or not assuming that only
the first 4.5 feet of the specimen is adding to the heat release rate from burning. We have assumed that
any part of the specimen past 4.5 feet will not be burning in the correlation above. In order to deduce
the effects of assuming a larger burning area, | will increase it by one foot to see if that makes the model
more accurate. In order to begin, | must decide what the imposed incident heat flux is on the 4.5 -5.5
foot section. To determine this we have consulted William Parkers data again [11]. Specifically we have
looked at the imposed heat flux over distance from the burner for the 4.5 — 5.5 foot section. This graph
can be seen below in Figure 152.
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Figure 152: Incident Heat Flux per Distance in E84 Tunnel

From this graph it can be seen that the imposed heat flux on the first foot section is nominally the same
as the imposed heat flux on the 4.5 to 5.5 foot section. Because of this | will the heat release rate ofa 1
foot section that is exposed to the same incident heat flux as area 1. This means that the data from the
10 kW/m?-22.5 kW/m? stair step will be used. First the average HRR for Area 1 must be taken and
multiplied by the area of this new section which is .1316 m?. | will complete all sample calculations using
CP 286 at 400 seconds.

Area = 0.3048 m * 4318 m = .1316 m?

HRR Average Area 1 = .1316 m? = Added Heat Release Rate

kw
27.5050W * .1313m? = 27.6363 kW
This is then converted to a heat release rate per unit width to get added to the total heat release per
unit width.

Heat Release Rate kw
= Heat Release Rate per unit width ( /m)

.43 meters
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27.6363 kW

S —64.2705 kKW
.43 meters /m

This was then added to the total heat release per unit width and entered into the equation using the
method explained above. The next computation needed is to find a new value for W which can be seen
in Table 35.

Table 35: Values for W

Kreysler 1 3.560
CP 286 3.100
FSI .075 2.780
FSI.090 2.870

The average value for W was found to be 3.078. From using this value in the equation, the following
flame spread indexes were found and compared to the known values. The percent error can be seen
below in Table 36.

Table 36: Percent Error

Calculated Known Percent Error
Kreysler 1 12.35 18.00 31.37
CP 286 15.79 16.00 1.34
FSI .075 17.68268878 13.7 29.07
FSI .090 17.02778672 14.35 18.66

20.11 | Average Error
Comparing this to the static model explained previously, the average error is higher. This means that

assuming a static burn area will yield a more accurate correlation to class A material flame spread. For
consistency, the flame extension graphs can be seen below in Figure 153 through Figure 156.
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Figure 153: Flame Length Extension with No Flame Back Kreysler 1
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Figure 154: Flame Length Extension with No Flame Back CP 286
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5.10.7 Final Adjustment to Model
After working with these equations, it became apparent that there needed to be a change to eliminate
the 1.5 foot flame indicated by the model while there was no flame indicated in the ASTM e84 Tunnel
Test. This is believed to be caused by the different burning nature of the burners and the specimen
being tested. When the burner flame is created, it can be considered a point source originating at the
burner. The burning specimen on the other hand, cannot be construed as a point source coming from
the same location as the burners. When the specimen begins to ignite, the average point source of the
combined burners and material begins to move further down the tunnel. In order to account for this we
have decided to change the equation used. The new equation can be seen below.

Li-(B+y)*Q™

Beta is a constant that will be found to create a flame length of 4.5 feet when just the burners are on.
Gama is a constant that will be found to add in when the specimen begins to burn. Q" will remain the

heat release per unit width of the specimen and the burners. Finally, the value of n will be adjusted as
well to create a more accurate model.

5.10.7.1 Ignition Delay
In order to have a model that best represents the Tunnel Test, we must have two separate equations to
account for the different burning characteristics of the burners and specimen. In order to define a time
to switch the equations it is necessary to define a time for ignition of the specimen in the Tunnel Test.
This was completed by comparing the ignition times in the Tunnel Test and the ignition times when
testing each specimen at varying incident heat fluxes in the Cone Calorimeter. The results of this can be
seen below in Table 37 through Table 40.

Table 37: Time to Ignition Kreysler 1

Time to Ignitionin ASTM e 84 = 175 seconds

IHF (kW/m"2) Sample Tig (s) Mig_avg (s)
25
K ler Syst 1,S le 1 619
reysler System 1, Sample 567
= Kreysler System 1, Sample 2 515
30
Kreysler System 1, Sample 1 251 >74.5
30 Kreysler System 1, Sample 2 298
40
Kreysler System 1, S lel 201
reysler System 1, Sample 188
40
Kreysler System 1, Sample 2 175 Between 40 & 50 kW/mA2
50
Kreysler System 1, Sample 1 128 131
50 Kreysler System 1, Sample 2 134
75
Kreysler System 1, Sample 1 55 o
I Kreysler System 1, Sample 2 70




Table 38: Time to Ignition CP286

Time to Ignitionin ASTM e 84 =90 seconds

IHF (kW/m~2) Sample Tig (s) Mig_avg (s)
15 3-1286 646 2895
15 53-2 286 933
20 5-1286 407 2025
20 3-2 286 398
25 CP 286-1 176 169
25 CP 286-2 162
30 3-1286 176 169
30 5-2 286 162
40 53-1286 115 113
40 5-4286 111
50 3-1286 63 625
50 53-2 286 62
75 3-1286 23 2
75 53-2 286 25

Table 39: Time to Ignition FSI 0.075

Time to Ignitionin ASTM e 84 = 110 seconds

IHF (kW/m"2) Sample Tig (s) Tig_avg (s)
20FSI.075 2-1 350 3545
20FSI.075 2-2 359
30FSI .075 2-1 127 180
30FSI .075 2-2 233
40FSI .075 2-3 85 S
40FSI .075 2-4 119
50FSI.075 2-1 28 28
50FSI .075 2-2
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Between 40 & 50 kW/m*2

Between 30 & 40kW/m*2
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Table 40: Time to Ignition FXE 0.090

Time to Ignitionin ASTM e 84 = 50 seconds

IHF (kW/m"2) Sample Tig(s)  [Tig_avg (s)
20FXE .0901-1 378 378.5
20FXE .090 1-2 379
30FXE .090 1-1 182

171
30FXE .090 1-2 160
40FXE .090 1-1 101

100.5

40FXE .090 1-2 100
50FXE.090 1-1 59

66
50FXE .090 1-2 73
60FXE .090 1-1 50 505
60FXE .090 1-2 51 About 60 kW/m*2

The compiled incident heat fluxes that represent an approximate time to ignition can be seen below in
Table 41

Table 41: Incident Heat Flux Representing Time to Ignition

Specimen IHF (kW/m~"2)
Kreysler 1

CP 286
FSI.075
FXE .090

Due to the unusual ignition characteristics in FXE .090, a time to ignition to be used in the correlation
will be taken as the time to ignition of the specimen when run at an incident heat flux of 40 kW/m? The
respective time to ignitions can be seen below in Table 42.
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Table 42: Predicted Time to Ignition

188
113
102
100

These times indicate the time at which we will switch from the equation that only accounts for the
burners to the equation that accounts for the specimen burning.

5.10.7.2 Equation for Burners
In order to calculate the equation for the burners a value of 2/3 will be assumed for n, a flame length of
1.37 meters (4.5 feet) will be used, and the value for Q" will be calculated by converting the known heat
release of the burners of 88 kW/m? to a heat release per unit width.

Heat Release Rate o kW
= Heat Release Rate per unit width ( /m)

.43 meters

88 kW/ )

m? _ kW
.43 meters 20465 ( /m)

These values will then be put into the equation below and the equation will then be solved for beta.

Le-(B)* Q'™
Ly

o’

1.37m

2/3
204.65 kW/

B = 0.0395

=B

Now to check this equation, a value of 1.37 meters shall be obtained.
Le-(B) * Q™

2
L;-(0.0395) * 204.653 = 1.37 m

This equation will be used for the time up to ignition of specimen as indicated by testing it at a 40
kW/m? incident heat flux in the Cone Calorimeter. For simplicity, a flame length of 4.5 feet will be
assumed for all time before ignition in the correlation.
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5.10.7.3 Equation for Burning Specimen
For the next part of this correlation it is necessary to find an appropriate gamma for our equation. In
order to do this, the composite heat release per unit width as found above will be used as Q". This
composite heat release per unit width will have an added 204.65 kW/m to account for the burners.
These composite heat releases per unit widths were put into excel and ran through the equation below.

L;=(0.0395 +y) * 0'%/3

The same calculations as discussed in the equation analysis section will be used to first convert from
meters to feet, then account for flame extension, next account for no flame back, and finally calculate
the flame spread index. The flame length before ignition will be assumed as 4.5, and the value of gamma
will then be found to best represent the Flame Spread Index found in the Tunnel Test. Before this is
completed it is necessary to discuss the differences in the Kreysler 1 specimen as compared to CP 286,
FSI.075, and FXE 0.090. It can be seen in the iterations above that Kreysler 1 performs differently than
the other three samples; this is due to the nature of the Proprietary Case Stone Coating on the surface
of the FRP. In order to account for this we will be calculating a separate gamma for the Kreysler 1
specimen. Also the value for gamma of the other three FRPs without a Proprietary Case Stone Coating
will be found only utilizing CP 286 and FSI 0.075. FXE 0.090 will then be used to test the correlation
made. The results from this can be seen below in Table 43 and Table 44.

Table 43: Calculated Gama for Kreysler 1

Calculated Known Percent Error
Kreysler 1 18.00 18.00 0.02

0.0279

Table 44: Calculated Gama for CP286 and FSI .075

Calculated Known Percent Error

CP 286 12.92 16.00 19.25
FSI .075 15.18 13.70 10.79
0.0107

From the Table 43 and Table 44 above, it can be seen that a value of 0.0279 has been found for gamma
for Kreysler 1, and a value of 0.0107 has been found for gamma for CP 286 and FSI .075. Now | will use
the values of FXE 0.090 to test the accuracy of the gamma found from CP 286 and FSI 0.075. The results
can be seen below in Table 45.
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Table 45: Value of Gama Checked Against FXE .090

Calculated Known Percent Error
FXE .090 13.58 14.35 5.34

| o0.0107

As can be seen above in Table 45, the value of gamma found from CP 286 and FSI 0.075 creates a great
correlation for FXE 0.090. The percent error in FXE 0.090 is significantly lower than the average percent
error of CP 286 and FSI 0.075. This shows that the value found for gamma would work in the correlation.
In order to see the correlation of these two equations, below is the generated graphs showing the
calculated flame extension versus the known flame extension in the tunnel test in Figure 157 through
Figure 160.

20

18

16

14

12

10
== Calculated

(o]

e Known

/7,—!
)/
L/

0 100 200 300 400 500 600

Distance (feet)
Y (o))

N

o

Time After Shutter Open (seconds)

Figure 157: Calculated Flame Length Extension Kreysler 1
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Figure 160: Calculated Flame Length Extension FXE .090

The next thing to check in this equation would be an adjustment to the value of n. In order to check to
see if adjusting n will help the accuracy of this correlation, | will adjust the value of n for CP 286 and FSI
.075 while keeping gamma the same and see if that lowers the average error. Unfortunately because
there is only one specimen with a Proprietary Case Stone Coating, | cannot test the value of n for this.
After adjusting the value of n to minimize the percent error for both CP 286 and FSI 0.075 and averaging
them it has been found that the best value for n is 0.6709, which is not far from .6667 which is 2/3.
Changing the value of n slightly increases the average error of CP 286 and FSl yet decreases the percent
error of FXE .090 significantly. This can be seen in the Table 46 below.

Table 46: Percent Error- n Adjust

Calculated Known Percent Error
CP 286 13.70 16.00 14.36

FSI .075 16.04 13.70 17.09
| 15.72|Average Error

0.6709)

Calculated Known Percent Error

14.40 1435 0.32

| 0.6709
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From this information our new equations can be written as
Proprietary Case Stone Coating Correlation Ly~ (0.0395 + 0.0279) * Q'0-6709
Non-Coated FRP Correlation Ly~ (0.0395 + 0.0107) * Q'0-6709
where: L¢ is in meters and Q" isinkW/m

5.10.7.4  Pyrolysis Length Sensitivity
Our flame length correlation so far has assumed a pyrolysis of 4.5 feet (1.37 meters) when calculating
the composite heat release rate for the specimen. After reviewing core samples taken from Kreysler 1
after it was burnt in the ASTM E84 Tunnel Test there was substantial decomposition from 0-5 feet and
partial decomposition from 5-7 feet. Because of this it is necessary to test the sensitivity of this model to
a larger pyrolysis zone while creating the composite heat release rate. In order to do this we will add to
the composite heat release the heat release that we believe would be generated in the 4.5 foot to 5.5
foot section. The equation will then be adjusted and the percent error of the model will be calculated.
The procedure in creating the new composed heat release rate is repeated from the same procedure
discussed in Equation Analysis under Pyrolysis Length Sensitivity. Due to the nature of Kreysler 1 being
the only specimen that we have with a Proprietary Case Stone Coating, the pyrolysis sensitivity can only
be tested using CP 286 and FSI 0.075 then validated using FXE 0.090. The first thing done after
calculating the new composite heat release rate was to calculate a new value for gamma while keeping
n at 2/3.Then the value for n was calculated after finding gamma. The results can be seen in the tables
below in Table 47.

Table 47: Calculated Values for Gama and n

Calculated Known Percent Error

CP 286 13.90 16.00 13.16
FSI .075 15.86 13.70 15.73
0.0115
0.6664

Calculated Known Percent Error
FXE .090 15.25 14.35 6.25

0.0115
0.6664

From these results it can be seen that adding one foot to the pyrolysis zone does not change the values
significantly. The average error of CP 286 and FSI .075 has decreased by 1.27 percent, but the percent
error on FXE 0.090 has increased by 5.93 percent. From this information a conclusion has been made to



180

keep the pyrolysis zone at 4.5 feet because the correlation is not made any more accurate by adjusting
the pyrolysis zone.

5.10.8 Single Incident Heat Flux Model
The correlation that we have created utilizes a fairly complicated testing procedure in the cone
calorimeter. Most material manufacturers want to be able to test a specimen at a single Incident Heat
Flux in order to get an idea how the material would perform in the ASTM E84 Tunnel Test. In order to
make the testing procedure easier but sacrifice accuracy a new model was created to allow the use of
heat release data from a single Incident Heat Flux test. To do this an Incident Heat Flux must be chosen
that gives Heat Release data that best represents the composite heat release rate we created for the
model earlier. An incident heat flux of 40 kW/m? has already been found to estimate the time to ignition
in the tunnel test. Now an incident heat flux must be found that represents the composite heat release
rate curve. To do this a comparison was made to the peak heat release of the composite heat release
rate and the specimens tested at varying incident heat fluxes after multiplying the peak heat release by
0.60 m” which is the area of the pyrolysis zone in the tunnel test. The results can be seen in Table 48
below.

Table 48: Peak Heat Release Comparison

Average Peak Heat Release Rate from
Single IHF (kW)

Kreysler 1 39 2 47 46
CP 286 70 62 68 71
FSI 0.075 73 119 106 120
FXE 0.090 60 110 96 107

From this table it can be seen that testing at an incident heat flux of 40 kW/m? also gives the best
representation of the peak heat release rate in the composite heat release rate. The only problem is that
the average peak heat release rate of FSI 0.075 and FXE 0.090 are much larger than that of Kreysler 1
and CP 286. It is believed that this could be due to the smaller thickness of FSI 0.075 and FXE 0.090 as
compared to Kreysler 1 and CP 286; this causes the material to burn much faster in the cone and creates
a higher peak heat release rate. This is something that is accounted for when finding the values for the
constant gamma. Also to be noted is that Kreysler 1 will be calculated separately in order to create a
separate correlation for materials with a Proprietary Case Stone Coating and the other three specimens
will be used to create a correlation for specimens without a Proprietary Case Stone Coating layer.

The first thing completed when calculating the new model is to create an average heat release rate for
each specimen by averaging the two samples that we analyzed in the cone calorimeter and multiplying
them by the pyrolysis area which is (0.60 m?). These curves can be seen below in Figure 161.
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Figure 161: Average Heat Release Rates Created at IHF of 40 kW/m?

The next thing to do to this data is to add the heat release of 88 kW for the burners and convert to heat
release per unit width by dividing by .43 meters. This creates a heat release per unit area that we can
then use for our correlation. A graph of the heat release rate per unit width curves can be seen below in
Figure 162.
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Figure 162: Heat Release Rate Per Unit Width

The following equation was then applied to the heat release per unit width curve for the time after
ignition. The flame length before ignition was set to 4.5 feet. Gama was left as a constant to be
determined later.

L=(0.0395 +y) * Q'%/3

After this equation was applied the flame length was converted to feet, a distance of 4.5 feet was
subtracted to calculate extension, and an if statement was applied in order to compensate for no flame
back. After that the same calculations as discussed in equation analysis were used in order to calculate
the flame spread index. Once this was completed, the value for gamma was determined with a slight
preliminary adjustment to n. These results have been tabulated below in Table 49.



Table 49: Calculated Values for Gama and Percent Error

Calculated Known Percent Error
Kreysler 1 17.99 18.00 0.08
gama 0.0310
n 0.6500
Calculated Known Percent Error
CP 286 11.87 16.00 25.84
FSI.075 18.69 13.70 36.39

31.11|Average Error

gama 0.0085
n 0.6500

After finding a good value for gamma, the data from CP 286 and FSI 0.075 were used to find a better
value for n.

Table 50: Calculated Value for n for CP286 and FSI .075

Calculated Known Percent Error
CP 286 11.76 16.00 26.52
FSI .075 18.54 13.70 35.36
30.94(Average Error
gama 0.0085
n 0.6494

The new value for n which was found to be 0.6494 was then put into the Kreysler 1 correlation and a
new value for gamma was found.

Table 51: Calculated Value for Gama for Kreysler 1

Calculated Known Percent Error

Kreysler 1 18.01 18.00 0.07
gama 0.0313
n 0.6494

And finally, the values for gamma and n in the non-Proprietary Case Stone Coating coated correlation
was checked against FXE 0.090.

183



184

Table 52: Checking Values for Gama and n

Calculated Known Percent Error
16.16901298 14.35 12.68
0.0085
0.6494

From this correlation it can be seen that accuracy has been sacrificed in order to make the correlation
easier to use and to reduce the amount of tests needed in a cone calorimeter. The results of this
correlation can be seen in the graphs below.
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Figure 163: Calculated Flame Extension Kreysler 1
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Figure 166: Calculated Flame Extension FXE 0.090
5.10.9 Ability to Pass ASTM E84 Quick Screen
Now that there is a correlation to relate the heat release rate of a specimen when tested in the ASTM
. — kw .
1354 Cone Calorimeter and a constant incident heat 40F we can create a way to quick screen a

material based upon both the peak heat release rate and the ignition temperature. In order to do this
the assumption is made that as soon as the specimen ignites it reaches its peak heat release rate. This
creates a rectangular area to be calculated under the flame extension time curve, the height of the
rectangle being the calculated flame height and the width being 10 minutes minus time to ignition. The
area under the curve was then multiplied by .515 to convert this area to a Flame Spread Index. The
equation was then set equal to 25 and solved for Q in order to obtain the equations below.

Non-Proprietary Case Stone Coating

(( e \ )
Qpeak = | |/ ((%) + 4.5) * (0.11574)0-6494 * 0_43\i al. 6_10 |

\

Proprietary Case Stone Coating
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1
(/ 25 1 0.6494 \\ 1 \‘
Qpeak = | | ((10 - tig) + 4'5> - (0.2322) +043 | - 88 |+ 60

\ J

Tig is Time to Ignition in minutes

kw

Qpeak is maximum peak heat release rate in —-
m

The graphing of these two equations can be seen below in Figure 167 and Figure 168.
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Figure 167: Peak HRR PUA versus Time to Ignition to Receive FSI of 25 for Non-Coated FRPs
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Figure 168: Peak HRR PUA versus Time to Ignition to Receive FSI of 25 for Proprietary Case Stone Coated FRPs

From this data it can be seen that as the time to ignition increases, the allowable peak heat release rate
is increased at an exponential rate. Due to the nature of our correlation there is about a 30 percent
error in the constants that were calculated while finding a single incident heat flux model. Also all of the
specimens that we used in our correlation had a relatively low time to ignition which makes our model
bias towards FRPs with lower ignition temperatures and the percent uncertainty will increase as ignition
temperature is increased, because of this we have decided to truncate the curve at a maximum time to
ignition of 300 seconds.

5.10.10 Conclusion
We have arrived at two sets of equations to predict the flame extension down an ASTM E84 Tunnel Test.
One set of equations requires testing the specimen at three different incident heat flux steps. The
resulting Heat Release rate per unit area must then be converted to a heat release rate by multiplying by
the area of each section. These three heat release rate curves must be added together and a term of 88
kW be added. After that is completed the Heat Release rate must be converted to a heat release rate
per unit width by dividing the rate by the width of the tunnel. Finally in order to calculate the distance
the flame traveled down the tunnel, insert the heat release rate per unit width into the following
equation and apply a flame extension of zero feet for all time before ignition as predicted from testing

the specimen in an ASTM 1354 Cone Calorimeter at an incident heat flux of 40 :TV;/
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Proprietary Case Stone Coating Correlation Ly ((0.2211) * (Q' +204.47) 0'6709) — 45

Non-Coated FRP Correlation Ly ((0.1647) * (Q' 4 204.4651 )0'6709) —45

L is Flame Extension in Tunnel Test (ft)
kW)

Q' is a composite heat release rate per unit width of the specimen (—
m

The next set of equations that were created utilize Heat Release Rate data collected from running a
sample at a single incident heat flux in the ASTM 1354 Cone Calorimeter. As before apply a flame
extension of zero feet for all time before ignition as predicted from testing the specimen in an ASTM

1354 Cone Calorimeter at an incident heat flux of 40 fn—vll

Proprietary Case Stone Coating Correlation Ly— <(0.2322) * (@) 0'6494> —45

Non-Coated FRP Correlation Ly <(0.1574) * (@) 0'6494> —45
L is Flame Extension in Tunnel Test (ft)

. k
Q is the heat release per unit area retrieved from testing the specimen at an IHF (—)
m
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