ABSTRACT

Title of Document: SPONTANEOUS IGNITION OF LINSEED
OIL SOAKED COTTON USING THE OVEN
BASKET AND CROSSING POINT
METHODS.
Justin T. Worden, M. S., 2011

Directed By: James G. Quintiere, Department of Fire
Protection Engineering

The oven basket method coupled with the Jones version of the crossing point method
was used to test the following basket sizes with their respectful concentrations of
linseed oil soaked cotton, 5cm (33.3%), 5¢cm (50%), 5¢cm (75%), 7.5cm (77%), 10cm
(80%) with concentrations measured by weight. Some of the samples reached three
different stages; ignition, smoldering or constant smoldering and flaming. The
activation energies were 42.37 kJ/mol, 27.40 kJ/mol, 16.97 kJ/mol, 15.76 kJ/mol and
11.73 kJ/mol for the 5¢cm (33.3%), 5¢cm (50%), 7.5% (77%) and 10cm (80%) basket
sizes. It was concluded that as the concentration and the basket size increased the
activation energy decreased. The P and M values along with the reaction rate per unit
volume were also calculated. The time to ignition increased as the oven temperature
that each sample was tested at decreased and as oven temperatures approached
ambient the time to ignition significantly increased topping 5.5 hours for the 5cm

(75%) basket size.



SPONTANEOUS IGNITION OF LINSEED OIL SOAKED COTTON USING THE
OVEN BASKET AND CROSSING POINT METHODS.

By

Justin T. Worden.

Thesis submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Masters of Science
2011

Advisory Committee:

Professor James G. Quintiere, Chair
Professor Peter Sunderland
Professor Stanislav Stoliarov



© Copyright by
Justin T. Worden
2011



Acknowledgements

First, | thank the National Institute of Justice (N1J) for funding my research.
The Fire Protection Engineering Program at the University of Maryland has greatly
challenged me as a student and engineer while opening my eyes to a whole new type
of engineering. | greatly appreciate the time and effort all of my professors have put
into teaching and helping me understand the ways of Fire Protection Engineering,
especially my committee members Dr. Peter Sunderland and Dr. Stanislav Stoliarov.
| point out especially the outstanding job my research advisor, Dr. James Quintiere,
has done during my two years as his student. Dr. Quintiere’s amazing teaching skills
and his incredible wealth of knowledge have helped me extensively in countless
aspects of my research and education. 1 could not have done this without his
unparalleled sacrifice and support and for that I thank him.

A special thanks is also sent to the many students that have helped me prepare
samples, hold thermocouples, etc. throughout my research: Thomas Layton, Allison
Carey, Stephen Tamburello, Jonathan Worden, Bryson Jacobs and Ryan Roach.
Without your availability, patients and understanding my research would have taken
me twice as long and been a hundred times more difficult.

Finally, 1 would like to thank my family. | thank my brother Jonathan
Worden for introducing me to Fire Protection Engineering and being the best bigger
younger brother 1 could ever ask for. | thank my sister Lindsay Worden for
supporting me through the tough times and always being there for me in the end.
Lastly, | thank my parents Tom and Linda Worden. Without your loving support and
guidance | would not be who or where |1 am today. All my accomplishments are a

tribute to you and everything you have done for me. | love you guys.



Table of Contents

ACKNOWIBAGEMENTS ...t I
TabIE OF CONENTS ...ttt et e e s e e snnee e e ii
NOMENCIALUIE ...t e et e e srae e e nnaeeeanseee s v
List of FIQUres and Tables...........oooiiiiiiiie e v
R 1011 0o [0 Tox 1 o SRR STR 1
2. BaCKgroUNd ........oooiiiii i 3
2.1 Spontaneous Ignition, Frank-Kamenetskii Theory and Linseed Oil Soaked
(Of0] 1 (0] ORI 3
2.1.1 SpoNtan@OUS IGNITION .....cc.eiiiieiiieie e 3
2.1.2 Frank-Kamenetskii THEOIY .........cooiiiiiiiieiiieic e 4
2.1.3 Linseed Oil Soaked Cotton Research..........c.cccccoviviviiiiii i, 15
2.2 0ven Basket Method............oviiiiiiic e 17
2.3 Crossing PoiNt MEtNOd. ..........coiviiiiiiiieiie s 21
3. Instruments, Testing Materials, Safety Precautions and Procedure ................... 24
3L INSEFUMENES ... e e e et e e st e e e s sntb e e e s aneaeeas 24
3.1.1 Oven and Oven MOdIfICAtIONS .........cveiiiireeiiie e 24
UL 2 IMALEITAIS ... 27
3.1.3 Data ACQUISIEION ....eeeeiiieeciiee e ciee et e e e e e e e e snaeeanes 29
3.2 Safety PreCaAULIONS. ........vveiiiie et s et e e e et eesneeeeanes 29
BB PIOCRAUIE. ...ttt ettt 32
4. ReSUILS aNd DISCUSSION. ......uiiiiiieiieiiie st siee ettt 38
4.1 OVEIVIBW ...ttt ettt ettt ettt e sttt nb e e be e e be e nb e 38
4.2 RAW DA ........eeeieiiiiie et 39
4.3 Critical Ignition Temperature TeStING........ccovvieiiiieiiir e 43
4.4 Crossing Point Method (JONES).......ccvveiiiieeiiie e 47
4.4.1 CroSSiNG POINTS ....ccvvieiiiiie ittt e e e e e snee e 47
4.4.2 ACIVALION ENEIQY ...oveiiiiie ittt e sae e snne e 53
4.4.3 Calculation 0f P and M........ccciiiiiiiiiie e 55
4.4.4 Rate of Reaction per Unit VOIUME.........cccccoiiiiiiiii e 62
4.5 TIME O IGNILION ..eeeiiie e e e e aaae e 63
5. CONCIUSIONS ...ttt ettt eenree s 67
T Y o] oT=1 oo | GOSN 72
BIDHOGIapNY .. ..o 125



Nomenclature

T TOXSMO >

To
Te
Ti

>0

DA On:n
3]

Pre-exponential Factor

Specific Heat

Activation Energy

Coefficient of Heat Transfer at Surface
Thermal Diffusivity

Heat of Reaction

Universal Gas Constant
Characteristic Length

Oven Temperature

Center Temperature of the Sample
Initial Temperature

Biot Number
Density
Thermal Conductivity

Frank-Kamenetskii Number or Damkohler Number
Critical Frank-Kamenetskii Number or Critical Damkohler Number

Dimensionless Time
Dimensionless Temperature Rise



List of Figures and Tables

Figure 2.1: Generation Term vs. TeMPEratUre.........ccceouverreiiiieriienieenieesiee e 6
Figure 2.2: Center Temperature Relative to the Ambient Temperature (1) ................. 7
Figure 2.3: Ambient Temperature Above and Below Critical Ambient Temperature..8
Figure 2.4: Dimensions for a Slab, Cylinder and Sphere ..........cccccoiviiiiiiiiiiiiine, 10
Figure 2.5: Temperature Response for Symmetric Slab............c.cccoooiiiiiinnn, 12
Figure 2.6: Critical Damkohler Values for the Range of o, (1) ...oovvvviviviiiiiininnne, 13
Figure 2.7: 05 Values for the Range of o, (1) ...cccueviiiiiiiiiiiie e 13
Figure 2.8: 0, Values for the Range of o, (1)....ovveviimiiiiiiiic e 14
Figure 2.9: Top Graph Showing Super-Critical Case and Bottom Graph Showing
Sub-Critical Case, from QUINTIEIE (9) ......veiveiiiiiiiee e 19
Figure 2.10: Location of Both Chen and Jones Crossing POINtS...........ccccoceeveenneene. 21
Figure 2.11: Finding the Slope of a Jones Method Crossing Point Using Excel ........ 22
Figure 2.12: Plot of In(dT/dt) vs. 1000/T, with Labels .........cccooeviiiiiiiiiiee, 23
Figure 3.1: The Memmert UFE500 Forced Controlled Convection Oven................. 24
Figure 3.2: Inside of Oven Showing Thermocouple Placement ................ccccovernee. 25
Figure 3.3: Front Display of Oven with On/Off Switch and Adjustment Dial........... 26
Figure 3.4: Hanging Rod Installed Above Fan in OVeN ..........cccccceevveeiiieeeciiiee s 27
Figure 3.5: Klean-Strip Boiled Linseed Oil Used for Testing ..........ccccccevvveviveeiivnnnnn 28
Figure 3.6: 100% Cotton Batting ROI............cooiviiiiieee e 28
Figure 3.7: Fluke 2645A NetDAQ System Connected to the Computer ................... 29
Figure 3.8: Safety SYSIEIM ......ccuiiiiiie e e e e e arae e 30
Figure 3.9: Nitrogen Line Running Through Exhaust Port Hole............ccccccovvevnnnn 31
Figure 3.10: Portable Hood Positioned Over the Open Oven DoOr ............cccveevnneeen 32
Figure 3.11: Squares Measured and Marked on a Strip of Cotton..............ccccceevveenn 33
Figure 3.12: Cut Out Squares Stored in BiN .........cccoveeviie i 33
Figure 3.13: Saturating the Squares in a Pan of Linseed Oil ............ccccccovveiiieeiinnnn, 34
Figure 3.14: Spraying Linseed Oil on a Cotton SQUAre...........cccoeeevvveeviieeesiiee s 35
Figure 3.15: Individual Square Being Weighed After Linseed Oil Application......... 35
Figure 3.16: Thermocouple Placement In the Center and On the Surface of the
SAMIPIE e e e rre e 36
Figure 3.17: Prepared Sample Ready to be Placed in OVeN ............ccceevivieeiiieeninnnnn, 37
Figure 4.1: The Three States of a Typical TeSt........cccovvveiiiieiiiie e 39
Figure 4.2: Charred Center 0f 2 SAmMPIe ........oooviviiiii e 40
Figure 4.3: A Void Created Around the Center Thermocouple.............ccoceeeiieeinnenn 41
Figure 4.4: Showing a Void in the Center of a Sample ...........cccovveeviiiiiie i, 41
Figure 4.5: A Very large Void Created Around the Center Thermocouple ............... 42
Figure 4.6: Showing Ignition for the 5cm (75%) Basket over the Temperature Range
OF 45°C = 200°C ..ottt 44
Figure 4.7: Showing Ignition for the 5cm (75%) Basket over the Temperature Range
OF 20°C = B0°C ..ttt nree s 44



Figure 4.8: Showing Ignition for the 7.5cm (77%) Basket over the Temperature
RANGE OF 40°C - 150°C ... 45
Figure 4.9: Possible Critical Ignition Temperature for the 5cm (33.3%) Basket Size 46
Figure 4.10: Point where the Center Temperature Crosses the Oven Temperature for

the 7.5Cm (77%) BaSKEE SIZE ......cooviiiiiiiieee s 48
Figure 4.11: Showing the Trend line Fitted to the Center Temperature and Showing
T8 SIOPE. . 49
Figure 4.12: The Graph of In(dT/dt) vs. 1000/T, for 5cm (50%) Basket Size .......... 50
Figure 4.13: The Graph of In(dT¢/dt) vs. 1000/T, Comparing the 5cm (75%), 7.5cm
(77%) and 10cm (809%) BaSKEL SIZES .......coivieiiiieiieiiiesiee e 51
Figure 4.14: The Graph of In(dT./dt) vs. 1000/T, of the 5cm (75%), 7.5cm (77%) and
10cm (80%) Basket Sizes without the QULHErS...........cocoveivie e 52

Figure 4.15: Activation Energy for All Different Sized Baskets and Concentrations 53
Figure 4.16: Comparing Activation Energy from Testing, Khattab et al (4) and Gross

ANA RODEIESON (2) .ottt 54
Figure 4.17: Graph of values of P vs. Concentration of Linseed Oil ......................... 57
Figure 4.18: Graph of values of M vs. Concentration of Linseed Oil........................ 58
Figure 4.19: Graph of Thermal Conductivity with Linseed Oil Concentration.......... 59
Figure 4.20: Graph of Density with Linseed Oil Concentration..............ccccoevvevneene. 59
Figure 4.21: Graph of Specific Heat with Linseed Oil Concentration....................... 60
Figure 4.22: Graph of Thermal Diffusivity with Linseed Oil Concentration............. 60
Figure 4.23: Graph of In(QA) with Linseed Oil Concentration..............cccceeevvvevivnnnn. 61
Figure 4.24: Reaction Rate per Unit Volume for 10cm (80%) Basket with 48°C Oven
TEIMPEIALUIE ..ottt e e e e e s s bbb et e e e e e s st b bbb e e e e e e e e s e nneenees 62
Figure 4.25: Time to Reach Ignition for 5cm (75%), 7.5cm (77%) and 10cm (80%)
BASKEE SIZES ...ttt 64
Figure 4.26: Time to Ignite for 5cm (75%), 5¢cm (50%) and 5¢m (33.3%) ................ 65
Figure 6.1: 10cm - 47°C — 80% CoNCENLratioN ..........ccevveeeiireeiiee e e sieeesiee e s 72
Figure 6.2: 10cm - 48°C — 80% Concentration — TeSt 1.......ccccccoveevivveeiiieeesiiieesiinens 73
Figure 6.3: 10cm - 48°C — 80% Concentration — TeSt 2.........cccvvveeeiiveeeiiieeesiieesiineens 73
Figure 6.4: 10cm - 49°C — 80% CoNCENLratioN ..........ccevvveeiireeiieeecieeesieeesiee e s 74
Figure 6.5: 10cm - 50°C — 80% CoNCENLratioN ..........ccovvveeiureeiiieecieeesieeesieeesieeens 74
Figure 6.6: 10cm - 60°C — 80% CoNCENLratioN ..........ccovvveeiireeciie e e cieeesiee e s 75
Figure 6.7: 10cm - 75°C — 80% CoNCeNtration ...........cocvuveeiureeiiuieeiieeesieeesieeesineen 75
Figure 6.8: 10cm - 90°C — 80% CoNCENLratioN ...........covveeeivreeiiie e e e sieeesiee e s 76
Figure 6.9: 10cm - 100°C — 80% Concentration — Test L.........ccccvveviveeiiieeciiiee i, 76
Figure 6.10: 10cm - 100°C — 80% Concentration — TeSt 2.........ccccevvvveeiiireeiiieeesiinnnn 77
Figure 6.11: 10cm - 100°C — 80% Concentration — TeSt 3.........ccccevvvveeiiveesiineesiinnns 77
Figure 6.12: 10cm - 150°C — 80% Concentration .............ccccuveevveeeiiieeeiieeesiiee s 78
Figure 6.13: 7.5cm - 22°C — 77% CoNnCeNntration ...........ccccoovveeeviueeeiiveeeiieeeciie e 78
Figure 6.14: 7.5cm - 44°C — 77% Concentration ...........ccccccvuveevieeeiiieeeiieeeciie e 79
Figure 6.15: 7.5cm - 45°C — 77% Concentration — Test L........cccceeviveiiiieeiiiiec i, 79
Figure 6.16: 7.5cm - 45°C — 77% Concentration — TeSt 2.........cccceevvveeiiieeciiiecsiinennn 80
Figure 6.17: 7.5cm - 47°C — 77% CONCENIatiON .......c.vvvveeiiiiiie e 80
Figure 6.18: 7.5cm - 50°C — 77% CONCENIatiON ..........vvveeiiiiiie e 81

Vi



Figure 6.19:
Figure 6.20:
Figure 6.21:
Figure 6.22:
Figure 6.23:
Figure 6.24:
Figure 6.25:
Figure 6.26:
Figure 6.27:
Figure 6.28:
Figure 6.29:
Figure 6.30:
Figure 6.31:
Figure 6.32:
Figure 6.33:
Figure 6.34:
Figure 6.35:
Figure 6.36:
Figure 6.37:
Figure 6.38:
Figure 6.39:
Figure 6.40:
Figure 6.41:
Figure 6.42:
Figure 6.43:
Figure 6.44:
Figure 6.45:
Figure 6.46:
Figure 6.47:
Figure 6.48:
Figure 6.49:
Figure 6.50:
Figure 6.51:
Figure 6.52:
Figure 6.53:
Figure 6.54:
Figure 6.55:
Figure 6.56:
Figure 6.57:
Figure 6.58:
Figure 6.59:
Figure 6.60:
Figure 6.61:
Figure 6.62:

7.5cm - 55°C — 77% CONCENErAtION .....vvvvvviiiiiiiiiiiiiiiiiiiiiiiiiiiaaaaaeaaaes 81
7.5cm - 60°C — 77% CONCENErAtION ....vvvvvieiiiiiiiiiiiiviiiiiiieiae e 82
7.5cm - 70°C — 77% CONCENErAtION ....uvvvvivieiiiiiiiiiiviiiiiiiieiiieaaaaiaaaaes 82
7.5cm - 80°C — 77% CONCENErAtION ....vvvvvivieieiiiiiiiiviiiiiiiiaa e 83
7.5cm - 100°C — 77% CoNCENLratioN .........uvvvvvvvevvierrnrrriieseeissseessnnnnnennns 83
7.5cm - 125°C — 77% CoNCENtration ..........evvvvvvevrrvrreirrinereiisissesensnennnnns 84
7.5cm - 22°C — 77% CONCENErAtION ....vvvvvieieiiiiiiiiiiiiiiiiiiiiiia e 84
5¢m - 45°C — 75% CONCENLIAtION ...vvvvvvviiiiieiiiiiiiiiiviiibia e 85
5¢m - 50°C — 75% CONCENLIAtION ....vvvvviiiiiiiiiiiiiiiiiviiiae e 85
5¢m - 60°C — 75% CONCENLIAtION ....vvvvviiiieiiiiiiiiiiiiaa e 86
5cm - 70°C — 75% CONCENTIAtION ...vvvvvveiiiiiiiiiiiiiiiiiieaaaaaeaaaes 86
5cm - 80°C — 75% CONCENLIAtION ....vvvvveiiiiieiiiiiiiiiiiiieabaeaaeaaaes 87
5¢m - 90°C — 75% CONCENLIAtION ....vvvvveiiieieiiiiiiiiiiiiia e aeaeaaaes 87
5cm - 100°C — 75% CONCENLIAtION ....vvvvvvieieiiiiiiiiiiiiiiiiiiiiaeeaaeaaaes 88
5cm - 125°C — 75% CONCENTIALtION ....vvvvvvieieiiiiiiiiiiiiiiiiiiiiaaeaaaes 88
5cm - 150°C — 75% CONCENTIAtION ....vvvvvvieieiiiiiiiiiiiiiiiiiiiaaaeaaaes 89
5cm - 175°C — 75% CONCENTIAtION ....vvvvveieieiiiiiiiiiieiiiiiiiabaaaaees 89
5cm - 200°C — 75% CONCENTIALtION ....vvvvvvieieiiiiiiiiiieiiiiiriiiaaeaeaaaes 90
5cm - 35°C — 75% CONCENTIAtION ....vvvvveiiieiiiiiiiiiiiiiiiiiaaeaaaes 90
5cm - 33°C — 75% CONCENLIAtION ....vvvvveiiieiiiiiiiiiiii e 91
5cm - 31°C — 75% CONCENTIALION ...uvvvviieieee it 91
5cm - 26°C — 75% CONCENEIALION ...vvvvvieeieeei et 92
5cm - 20°C — 75% CONCENTIALION ...vvvvvieeeeeei et 92
5cm - 80°C — 50% CONCENEIALION ...uvvvvvieieeeiecciiieiee e 93
5cm - 90°C — 50% CONCENEIALION ...vvvvvviieeeeie ettt 93
5cm - 100°C — 50% CONCENLIAtION ...vvvvveieeei e 94
5cm - 125°C — 50% CONCENEIAtION ..vvvvvveieeeiicciiiiiiee e 94
5cm - 145°C — 50% CONCENEIAtION ...vvvvveeeeei it 95
5cm - 160°C — 50% CONCENEIAtION ...vvvvvveeeeiiiiiiiiiiee et 95
5cm - 39°C — 33.3% CONCENLIatiON ....cvvveeeeiecciiiiiiceeee e 96
5cm - 40°C — 33.3% CONCENLIAtiION ..vvvvveeeeei i 96
5cm - 41°C — 33.3% CONCENLIatiON ..vvvveveeeeiicciiiiiece e 97
5cm - 42°C — 33.3% CONCENLIatiON ..vvvvvveeeeiicciiiiiieeeee e 97
5cm - 45°C — 33.3% CONCENLIatiON ...vevvveeeeiiiciiiiiicee e 98
5cm - 50°C — 33.3% CONCENLIatiON ...vvvvveeeeiieciiiiiiiee e 98
5cm - 90°C — 33.3% CONCENLIAtION ...vvvviieeeiicciiiiiice e 99
5cm - 100°C — 33.3% CONCENLrAtiON .....ceeeeiiieiiiiiiiieeee et 99
5cm - 125°C — 33.3% CONCENLratioN .........cceevvvviiiieeeeeeeciiiiieee e 100
5cm - 150°C — 33.3% CONCENLratioN .........ccoevvvviiiieeeeeeeciiiiiiee e 100
5cm - 60°C — 33.3% CONCENtratioN .........coovvvevviiiiieeee e ee e 101
5cm - 80°C — 33.3% CONCENtration .........ccoevvevvviiiieeeeeeecciiiiee e ee e 101
10cm - 47°C — 80% Concentration — Center crosses Oven.................. 102
10cm - 48°C — 80% Concentration — Center crosses Oven — Test 1....102

10cm - 48°C — 80% Concentration — Center crosses Oven — Test 2 ....103

vii



Figure 6.63:
Figure 6.64:
Figure 6.65:
Figure 6.66:
Figure 6.67:
Figure 6.68:
Figure 6.69:
Figure 6.70:
Figure 6.71:
Figure 6.72:
Figure 6.73:
Figure 6.74:
Figure 6.75:
Figure 6.76:
Figure 6.77:
Figure 6.78:
Figure 6.79:
Figure 6.80:
Figure 6.81:
Figure 6.82:

Figure 6.84:
Figure 6.85:
Figure 6.86:
Figure 6.87:
Figure 6.88:
Figure 6.89:
Figure 6.90:
Figure 6.91:
Figure 6.92:
Figure 6.93:
Figure 6.94:
Figure 6.95:
Figure 6.96:
Figure 6.97:
Figure 6.98:
Figure 6.99:

10cm - 49°C — 80% Concentration — Center crosses OVen.................. 103
10cm - 50°C — 80% Concentration — Center crosses OVeN.................. 104
10cm - 60°C — 80% Concentration — Center crosses OVeN.................. 104
10cm - 75°C — 80% Concentration — Center crosses OVeN.................. 105
10cm - 90°C — 80% Concentration — Center crosses OVen.................. 105

10cm - 100°C — 80% Concentration — Center crosses Oven — Test 1 ..106
10cm - 100°C — 80% Concentration — Center crosses Oven — Test 2 ..106

10cm - 100°C — 80% Concentration — Center crosses Oven................ 107
10cm - 150°C — 80% Concentration — Center crosses Oven................ 107
7.5cm - 44°C — 77% Concentration — Center crosses Oven................. 108

7.5cm - 45°C — 77% Concentration — Center crosses Oven — Test 1...108
7.5cm - 45°C — 77% Concentration — Center crosses Oven — Test 2....109

7.5cm - 47°C — 77% Concentration — Center crosses Oven................. 109
7.5cm - 50°C — 77% Concentration — Center crosses Oven................. 110
7.5cm - 55°C — 77% Concentration — Center crosses Oven................. 110
7.5cm - 60°C — 77% Concentration — Center crosses Oven................. 111
7.5cm - 100°C — 77% Concentration — Center crosses Oven............... 111
7.5cm - 125°C — 77% Concentration — Center crosses Oven............... 112
7.5cm - 150°C — 77% Concentration — Center crosses Oven............... 112
5¢cm - 45°C — 75% Concentration — Center crosses OVeN ................... 113
Figure 6.835cm - 50°C — 75% Concentration — Center crosses Oven...........cc......... 113
5¢cm - 60°C — 75% Concentration — Center crosses OVEN ................... 114
5¢cm - 70°C — 75% Concentration — Center crosses OVEN ................... 114
5¢cm - 80°C — 75% Concentration — Center crosses OVEN ................... 115
5¢cm - 90°C — 75% Concentration — Center crosses OVEN ................... 115
5¢cm - 100°C — 75% Concentration — Center crosses Oven.................. 116
5¢cm - 125°C — 75% Concentration — Center crosses Oven.................. 116
5¢cm - 150°C — 75% Concentration — Center crosses Oven.................. 117
5cm - 175°C — 75% Concentration — Center crosses Oven.................. 117
5¢cm - 200°C — 75% Concentration — Center crosses Oven.................. 118
5¢cm - 80°C — 50% Concentration — Center crosses OVEN ................... 118
5¢cm - 90°C — 50% Concentration — Center crosses OVEN ................... 119
5cm - 100°C — 50% Concentration — Center crosses Oven.................. 119
5¢cm - 125°C — 50% Concentration — Center crosses Oven.................. 120
5¢cm - 145°C — 50% Concentration — Center crosses Oven.................. 120
5¢cm - 90°C — 50% Concentration — Center crosses OVEN ................... 121
5cm - 60°C — 33.3% Concentration — Center crosses Oven................. 121
Figure 6.100: 5cm - 80°C — 33.3% Concentration — Center crosses Oven............... 122
Figure 6.101: 5cm - 90°C — 33.3% Concentration — Center crosses Oven............... 122
Figure 6.102: 5cm - 100°C — 33.3% Concentration — Center crosses Oven............. 123
Figure 6.103: 5cm - 125°C — 33.3% Concentration — Center crosses Oven............. 123
Figure 6.104: 5cm - 150°C — 33.3% Concentration — Center crosses Oven............. 124

Figure 6.105: Comparison between Linseed Oil Concentrations of the 5cm Basket

Size uSiNg JONES MELNOM. .......cccuiiiie i



Table 1: Critical Values for a — oo, Body with Surface at Ta, (1) .cccovovviiiieiiiinnnnne. 15
Table 2: Showing the Calculations Done to the Oven Temperature and the Crossing

POINT SIOPE ..ttt 50
Table 3: Calculation of Activation Energy using the Slope from Figure 4.13 ........... 53
Table 4: The Values of P and M for All Basket Sizes and Gross and Robertson (2) .56
Table 5: Spontaneous Ignition Properties Used in the Calculation of M and Compared
to Gross and Robertson’s Data (2) .......eeoivvveiiiiiiiiie e 57



1. Introduction

Spontaneous ignition has played a key role in many fires throughout history
and because of this many tests have been performed on materials that spontaneously
ignite to try to understand their tendencies. There are many ways to go about testing
spontaneous materials but many of them can be very complicated to prepare and may
take a very considerable amount of time and materials.

The main goal of this research was to help fire investigators better assess an
easier approach to testing spontaneously igniting materials. This was done by
investigating one of the most common methodologies for testing spontaneous
material, the standard oven test or the oven basket method. This method uses
common laboratory items, oven, thermocouples, data acquisition system, computer,
and easily made items, stainless steel mesh baskets, for its testing along with the
material that needs to be tested, which also makes this one of the more available ways
to test spontaneous ignition. To go along with the easier methodology an easier way
of analyzing the collected data was also pursued to again simplify this process for fire
investigators. The typical way to use the oven basket method and analyze its data has
been the Frank-Kamenetskii method, which involves finding a critical temperature for
several different basket sizes. To find numerous critical temperatures an extremely
excessive number of tests must be run, requiring ample amounts of time, materials
and ultimately money to achieve the desired results. The crossing point method,
which was used in this research, can achieve the desired results, theoretically, using a

very minimal number of tests thus saving on time, materials and money. This method



also uses the oven basket method in such a way that is less tedious and easier to
perform overall.

By using these two methods for testing spontaneous ignition fire investigators
could test a wider variety of materials with less time and effort than needed in the
past. This could prove to be very beneficial in advancing the methods used in fire
protection to prevent spontaneous ignition from occurring. Potentially, with new and

different precautions being enforced the safety of people and property will benefit.



2. Background

2.1 Spontaneous Ignition, Frank-Kamenetskii Theory and Linseed Oil
Soaked Cotton

2.1.1 Spontaneous Ignition

For a chemical reaction to be deemed exothermic a release of energy must be
present. Any substance, by itself or in the presence of air, which possesses this
exothermicity is inclined to an unstable condition in which its core temperature can
increase significantly due to this chemical reaction. This possibly unstable reaction
can be caused by either decomposition or oxidation of a solid, liquid or gas substance.
Fertilizer piles, hay stacks, compost piles, saw dust piles, etc. are all common
examples of decomposition cases. During the decomposition of the substance that
makes up the pile heat is generated. Factors such as externally added heat, moisture
within and surrounding the pile and microorganisms can to contribute to the
decomposition. Other factors such as pile size, rate of diffusion of oxygen and the
substance that makes up the pile also contribute to the heat generation in the pile.

Linseed oil applied to cotton rags is a common example of an oxidation
reaction. In the oxidation reaction case, the heat generation from the reaction is
accelerated by most of the same factors as the decomposition reaction; externally
added heat, moisture, pile size, substance that makes up the pile, etc., but the heat is
generated by a different process.

If the heat generated by either of these reactions is unable to escape from the
pile it will start to build upon itself. The added heat that does not escape from the pile

will accelerate the reaction even more until the temperature inside the pile starts to



elevate significantly possibly initiating smoldering and deemed spontaneous ignition.
If enough oxygen is present a sustained smoldering may occur, which may transition
to flaming. The spontaneous ignition that has occurred is also referred to as thermal
run-away or thermal explosion because the temperature inside the pile is said to run-

away because of how quickly it increases at ignition.

2.1.2 Frank-Kamenetskii Theory

The theoretical basis behind the analysis is simple and ignores many factors
talked about earlier such as the diffusion of oxygen, moisture, non-conduction heating
within the substance, mixtures with competing reactions and transient effects.
However, the theory, first put forth by Frank-Kamenetskii in 1938, does allow for a
means of determining the conditions needed for spontaneous ignition and a means of
obtaining data to correlate results over a range of material size and temperature.
Because many factors are neglected in this theory its results can only be used as a
guide for interpreting the spontaneous ignition in practice. Furthermore, it is the only
tool that can be applied without the consideration of complex factors that may not
stand the test of accuracy in their modeling.

There are three general configurations considered as representative of most
realistic scenarios:

1. A substance of a particular shape exposed uniformly to surroundings with
linear (Newtonian) cooling to a constant temperature.

2. A substance heated by a hot surface and with Newtonian cooling on its
remaining surface.

3. A substance that is initially hot relative to its surroundings.



An example for scenario 1 would be a pile of linseed oil soaked cotton rags. Scenario
2 would be represented by a layer of dust on a hot surface with an example for
scenario 3 being a pile of hot laundry just removed from a dryer.

These scenarios are very general and their application to real life scenarios is
not likely to be perfect. These factors and their effects ignored by the theory are
responsible for cautionary considerations in making predictions. However, this
approach will give reasonable results based on the data that is provided. One
important consideration should be taken into account when working with materials
that melt. The data obtained at temperatures above the melting point would not
conform to exposure conditions below the melting point. When the material is at a
high temperature it would lose its integrity by melting but at low temperatures the
outside of the material would remain solid.

The basis of this theory and its results are taken from Bowes (1) and his
notation will be used. The basic theory is due to Frank-Kamenetskii (1938), and
considers a zeroth order exothermic reaction with high activation energy (E)
combined with pure conduction heat transfer in the material. The conduction
equation with a uniform energy generation rate due to an exothermic chemical

reaction is seen in Eq. 1.

pcj—"; = V-AVT + 4" (Eq. 1)

The generation term is given by the Arrhenius equation seen in Eq. 2.

q"" = QpAe~®/*" (Eq. 2)



The factor A can depend on temperature and the concentration of the reactants.
When the reactants are depleted A goes to zero as there is no more energy generation.

A plot of the generation term with temperature is shown in Figure 2.1.

m

T~25°C T

Figure 2.1: Generation Term vs. Temperature

It reaches a maximum of pQA as T — oo and the values of ¢'"" can range as low as

10™™ W/cm?® at normal ambient temperature to 10*° W/cm?® at flame temperatures. If
A drops reactants are depleted, the curve in Figure 2.1 collapses down to the x-axis.

In Eq. 1, as long as the generation term is greater than the conduction term,
the temperature will increase in the material. Even if a steady condition is reached
the internal temperatures of the material will be higher than its surroundings, as the
generation must equal the conduction loss.

For a pile in uniform surroundings the center temperature would be highest.

Bowes (1) considers such a case and sketches the center temperature (T,), in his



notation, relative to the ambient temperature (Ta). The lower curve (0 — I), in figure,

represents steady conditions for this reaction.

To' TA

TA, crit

Ta
Figure 2.2: Center Temperature Relative to the Ambient Temperature (1)
The upper curve from E represents steady conditions once ignition occurs to a
smoldering reaction. The level of the E curve will increase as the diffusion of oxygen
also increases. The ambient temperature at | is the temperature needed for
spontaneous ignition to smoldering. The new steady state to S involves a jump in the
center temperature. The E point is the extinction of the smoldering reaction and the
curve | — E is unstable. In reality the depletion of reactants would make the process
unsteady. A graph of this is shown in Figure 2.3 where two different outcomes occur

for the Ta less than or greater than its critical value at I, Ta_ cit.



TA > TA, crit

Time

Figure 2.3: Ambient Temperature Above and Below Critical Ambient Temperature

There is a more significant temperature rise above the critical condition for ignition.
Alternatively, the size of the pile at a fixed ambient temperature could have a critical
condition for this large temperature rise or “ignition”. Here the ignition outcome is
depicted as steady smoldering but, flow changes in the pile at this jump in
temperature could lead to flaming.

With no reaction depletion, two outcomes are possible: (1) a steady solution
exists with an increase in the internal (To>Ta) due to the exothermic reaction, (2) no
steady solution exists and the internal temperature will rise significantly. In the
approximate theory of F-K to follow, it will become infinite. This is termed a
“thermal runaway”, or “thermal explosion” in the case of explosive materials, or
“thermal ignition” in the case of achieving fire, spontaneous ignition to smoldering or
flaming in theory as mentioned in section 2.1.1. Hence, the approach is to examine

problem scenarios governed by Eq. 1 and Eq. 2 for which the point of no steady



solution is found. This is the “critical condition” that makes the boundary between a
stable steady solution and ignition or thermal runaway. In this way the conditions for
spontaneous ignition are found.

The basic theory is based on conditions of high activation energy or more
specifically

RT .
E=—is small, < 1

by expressing the identity

—— =+ (Eqg. 3)

6= (é) (%) (Eq. 4)

and letting €—0, Eqg. 1 now turns into Eq. 5.

&0 _ v20 4 5ef (Eq. 5)

drz

Here © = t/(r?/ k), k = Mpc. The theory uses three geometric shapes. In one-
dimension, the steady equation for a slab of half-width r (j = 0), and infinite cylinder

of radius r (j = 1), and a sphere of radius r (j = 2) is shown in Eq. 6.

iz jas g
E+E£+5E =0 (Eq. 6)

The dimensions are shown in Figure 2.4 with the dimensionless length coordinate

being Z = x/r.
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Figure 2.4: Dimensions for a Slab, Cylinder and Sphere

The parameter 6 is a Damkohler number (dimensionless). Given in terms of the

reference Ta:

5= () (G20) e €

RT4/ \ AT,

The terms in parenthesis are also dimensionless. % is typically (E ~ 100 [kJ/mol])
A

about % For fire conditions of Ta ~ 10%, € ~ 0.1. This can be thought of as the

activation temperature to the system temperature. The second parenthesis represents
the energy by chemical reaction to the heat conducted. It too is large for combustion

substances, ~ 10%, as & is usually of order 1.

A solution for 6 will depend on &. As & increases, caused by an increase in r
or Ta, a value will be reached where a steady solution is not possible. This is the
critical value, d.. EQ. 6 can be solved for different scenarios, and the &. can be

determined. Then if & > . for the actual state of the substance, ignition is said to
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occur. The scenario of a cold pile in a hot environment will be examined and the
results found in the literature will be presented.
Consider uniform material in a given geometric shape exposed to the

environment. Also consider Newtonian heat transfer at the surface, i.e Eq. 8a and Eq.

8b.
—}I,z—i =h(T—T,) (Eq. 8a)
or
df
—— =af atz=1 (Eq. 8b)

The heat transfer coefficient can be a combination of convection and linear
radiant heating from the surroundings. The Biot number, a = hr/A. For the unsteady
problem where the initial temperature Ti < TA, the temperature response is illustrated
for a symmetric slab of half-width, r, in Figure 2.5. This case is like the “oven basket
method”, where cubes of material are inserted into a hot oven, to find critical

temperature.
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L Y 3 Steady result, now cooling to
I : T4
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7 / 4 Ignition event, 6>6.

Figure 2.5: Temperature Response for Symmetric Slab

A solution to Eg. 6 with boundary conditions Eq. 8 has been given, by Thomas
(1958), for the symmetric slab. The result shows that ¢ depends on a, such that

a—0, dc=2=

=)

0o, Oc=0.88

Complete results are given for the slab, cylinder, and sphere in Figure 2.6, and 6 (6 at
z=1)and 6, (6 at z = 0) are given in Figure 2.7 and Figure 2.8, respectively. To
implement these results, for a given geometry, the properties must be known, the size
(r) and ambient temperature (Ta) must be specified, and o must be computed from

heat transfer principles.
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Figure 2.8: 0, Values for the Range of a, (1)

Table 1 gives values for a more complete list of geometries for o —, oo.

Body oc(r) 0o
Infinite Plane Slab, thickness 2r 0.878 1.119
Infinite cylinder, radius r 2.000 1.386
Sphere, radius r 3.322 1.610
Cube, side 2r 2.569 ~1.89
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Infinite square rod side 2r 1.700 ~1.49

Short Cylinder, radius r, height 2r 2.764 ~1.78

Table 1: Critical Values for a — o, Body with Surface at Ta, (1)

2.1.3 Linseed Oil Soaked Cotton Research

Throughout the years it has been prevalent that the spontaneous ignition of
oily rags has been a reoccurring cause of fires all over the world. These fires have not
only caused hundreds of dollars in property damage, they have also put countless
number of people’s lives in danger. Numerous studies have been done on linseed oil
soaked cotton using several different methods and configurations to understand and
recognize its reactivity, and have helped in fire investigation and overall public
knowledge.

Gross and Robertson (2) tested spherical piles of numerous materials
including linseed oil soaked cotton. The linseed oil was applied to the cotton using a
ratio of 1 part oil to 6 parts of cotton by weight or 16.66% concentration. To test their
materials they used an adiabatic furnace with a multi-junction thermocouple and
additional guard heaters to minimize heat loss. They determined the activation
energy of their linseed oil sample to be 88 kJ/mol and their M to be 49.6, to be
discussed in section 2.2, taken from Babrauskas converted table(3).

Khattab et al(4) used a differential thermal analysis (DTA), which is very
similar to differential scanning calorimetry (DSC), to test their samples. To prepare
their samples they immersed 20g of cotton in linseed oil then they wrung them out
using a manually operated wringer and then left them to dry at room temperature.

They tested four different sample concentrations, 0%, 2%, 10% and 20% of linseed
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oil to cotton, at six different oxygen volume concentrations. Their uncontaminated
cotton had the highest activation energies while the 20% concentration samples had
the lowest activation energies.

Taradoire (5) tested many different size samples including samples that
involved 25g of cotton and 75g of cotton. It was found that the most favorable results
came when 75g of cotton were soaked with 75g of linseed oil, a 50% sample
concentration. These samples and ignited between 1hr and 6hrs.

Thompson (6) used a modified Mackey test to examine a combination of
different oils including raw linseed oil. He states that the original Mackey test calls
for 7g of cotton and 14g of oil to be tested but the samples he used in the modified
Mackey test included 159 of cotton with 15g of linseed oil and 30g of cotton with 30g
of linseed oil. He found that the linseed oil was the most hazardous substance
compared to the other oils tested.

Radford (7) applied boiled raw and refined linseed oil to three different types
of material, cotton rags, white waste and colored waste. The waste was lightly
packed into cardboard boxes with air vents cut in the sides and top and placed on a
metal shelf in a cabinet with heat lamps and smoke detectors installed. Of the 31 tests
that were carried out, 13 of the samples went to flaming and 18 did not. During one
of his test involving 3.50z of colored waste soaked with 40z of boiled linseed the
smoke detector gave a signal at 90 minutes and the mass flamed at 125 minutes.

DeHaan (8) filled waste containers with linseed oil soaked cotton rags and
achieved a brown discoloration and an acrid odor after 1lhr with an internal

temperature of 250°C happening after 3hrs and flaming happening 4hrs later.
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Other sources found in Bowes (1) and Babrauskas (3) include Kissling who
from an initial temperature of 23.5°C achieved ignition from 50g of cotton wool
soaked with 100g of linseed oil. Gamble, who also used lightly packed cotton waste
soaked with linseed oil into cardboard boxes, achieved ignition and a temperature rise

from 21°C to 226°C in 6.25 hrs.

2.2 Oven Basket Method

Originally the oven basket method was used to provide an easier and less
demanding way of finding critical temperatures of materials. This would then be
used in conjunction with Frank-Kamenetskii’s method of analysis to find the thermal
parameters P and M. With the crossing point method being the means of analysis the
oven basket method is used to reach a slightly different outcome of finding crossing
points rather than critical temperatures.

The materials to use the oven basket method are fairly simple and straight
forward. The oven can be an ordinary laboratory oven with an interior between .5m
and 1m. A circulation fan must be installed on the inside of the oven to ensure forced
convection throughout the oven. When using the F-K method of analysis good flow
conditions are essential to make the biot number very large. The oven temperature
should be controllable within at least +1°C and go up to at least 200°C. A hanging
rod would also be recommended inside the oven to provide a place for the samples to
be hung from during the test.

The baskets used to contain the sample during the test should be open-topped
baskets made of 60-mesh 0.25mm openings stainless steel, which is subject to the

substance being tested. Sizes should include but are not limited to 2.5cm, 5.0cm,
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10.0cm and 20.0cm. Depending on the substance being tested the largest and
smallest sized baskets may be difficult to prepare which may result in using
additional basket sizes other than what is recommended.

For temperature measurement a chromel/alumel (type K) thermocouple of 32-
36 swg (0.27-0.19mm) should be placed in the center of the sample or in the middle
of the side surface when using the Chen crossing point method, which will be further
talked about in section 2.3.2. The thermocouples should be connected to a multi-
channel data acquisition system which is connected to a computer to read and store
the data from the tests.

The sample is to be prepared at room temperature which should be a cool dry
environment. To be sure a consistent packing density is common throughout the
prepared samples a light tamping or tapping should be applied during sample
preparation. When layering is needed to prepare a sample it would also be
recommended that the number of layers be counted. This will also aid in the packing
density being consistent.

After preparation is complete the sample is suspended in a preheated oven and
the temperature is recorded continuously throughout the duration of the test. At the
beginning of the test the sample will start to heat from the reaction inside and the heat
of the oven. The sample will then self heat to the point of ignition or self heat to a
temperature (T,) above the oven temperature (T.) and then come back down to a
stable temperature slightly above the oven temperature as explained about in section

2.1.2 and shown in Figure 2.9.
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Figure 2.9: Top Graph Showing Super-Critical Case and Bottom Graph Showing Sub-Critical

Case, from Quintiere (9)

desired amount of data is achieved.

temperature at which the sample ignites.

logarithmic form seen in Eq. 9.

After the sample has extinguished then a new sample is prepared using new

material and a different oven temperature is tested. This process is done until the

When using the F-K method for analysis, samples are tested at different oven
temperatures until sub-critical and super-critical oven temperatures are both achieved.
The temperature difference between oven temperatures may initially be substantial
but is narrowed by testing temperatures slightly below and above the super-critical

and sub-critical temperatures. Eventually, this process will zone in on a critical oven

temperature, T, the equation for & can now be equated to &. for the cube in
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In [(‘%)2] — M—P/T, (Eq. 9)

where

E
P = 2 (Eg. 10)
M =1In (3224 (Eq. 11)

RA
. 2 2 . . TA 2 .
The units for ™ are K*/mm” and P has units of K. By plotting the In (T) against

(1/Tp) for a set of data, the slope, P, and the intercept, M, can be found. These will
only yield good results as long as the chemical rate follows a zeroth order Arrhenius
behavior. From this small scale data it is possible to extrapolate to larger scale
conditions. This is the best way to quantitatively evaluate whether ignition is
possible, i.e. 6 > d.. However, factors can affect the accuracy of extrapolation. These
include the effects of melting, moisture, and maintaining the same material. Never
the less, material values for P and M can be compiled for tested materials to provide a
framework for assessing their potential for spontaneous ignition.

When using the crossing point method for analysis the oven basket method is
utilized in a different way. Instead of finding critical temperatures for each basket
size, as required by the F-K method, the different basket sizes are tested over a range
of oven temperatures. For example, for this research the 5cm (50% concentration)
basket was tested at six different oven temperatures which was enough data to

correctly apply the crossing point method. A time vs. temperature curve, as seen in
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the top half of Figure 2.9, resulted from each test this is necessary to find the crossing

points needed to for the crossing point method, talked about further in section 2.3.

2.3 Crossing Point Method

Jones (10) and Chen (11) propose an alternative to the Frank-Kamenetskii
method. It starts out with the same conduction equation that the Frank-Kamenetskii
theory started out with seen in Eq. 1. From there the data produced by the oven
basket method is examined. To analyze the data the center temperature of the sample
is looked at and the point at which it crosses the oven temperature (Jones) or the

surface temperature (Chen) is located, shown in Figure 2.10.

5cm - 150°C- 75% Concentration

= = -Oven Temp

CenterTemp  — - Surface (window side) === Surface (fanside)

600 -

500 -

400 -

300 -

Temperature (°C)

200 -

100 -

0 5 10 15 20 25 30 35 40 45

Time (minutes)

Figure 2.10: Location of Both Chen and Jones Crossing Points

The point at which the temperatures cross is deemed the crossing point. At this point,
for the Jones method, the oven temperature is the same as the center temperature of

the sample and for the Chen method, the center temperature is the same as the surface
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temperature of the sample. This means in both cases the temperature gradient (VT') is

zero and the conduction term in Eq. 1 goes away leaving Eq. 12.

dT

pe— = QpAeE/RT (Eq. 12)

With the crossing point located the slope of the center temperature, in both methods,
is collected which can easily be done using Excel, Matlab or by hand. Figure 2.11

shows an example of a crossing point slope being found using Excel.

7.5cm - 100°C - 77% Concentration - Center crosses Oven

- = -OvenTemp

Center Temp

Linear (Center Temp)

115 +

110 -

105 -

100 I N e
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Crossing Point —_—
| /

Slope

85 -

95 -

Temperature (°C)
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25 25.5 26 26.5 27 27.5

Time (minutes)
Figure 2.11: Finding the Slope of a Jones Method Crossing Point Using Excel
An array of crossing points is obtained after going through the rest of the whole set of
data produced by the oven basket method. The crossing point slopes are then plotted
with the inverse of the oven temperatures, 1/T,, plotted on the x-axis and the natural

log of the crossing point slopes, In(dT./dt), plotted on the y-axis as seen in Figure
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2.12. Sometimes 1000/T, will be used on the x-axis when working with larger oven

temperatures.

Comparison Between Basket Sizes 5cm, 7.5cm and 10cm using Jones Method

Linear (7.5cm (77%)) - Linear (10cm (80%))
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Figure 2.12: Plot of In(dT./dt) vs. 1000/T, with Labels
Once the data is plotted a trend line is fitted to each set of data also shown in Figure
2.12. Again, the slope of the trend line is found but the intercept is also needed this
time. The trend line that is fitted to each set of data is represented by the relationship

seen in Eq. 13.

o) _n (%) -E1
In ( " In _ R T (Eg. 13)
where the slope of the line is represented by —E/R and In(QA/c) is the y-axis
intercept. The slope and intercept found by using Excel or other methods is used in
the determining of E and QA/c. To find E, the slope from the trend line (-E/R) is
multiplied by the negative universal gas constant, -R. To find QA/c, the intercept

from the trend line In(QA/c) is taken to an exponential. From here ¢ can be

substituted for in Eq. 13 using Eq. 14.
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c = A/pk (Eq. 14)

which gives Eqg. 15

In (%) =1In (Q‘qpk) _E2 (Eq. 15)

Finally, P and M can be found using Eq. 10 and Eq. 11 in conjunction with the slope

(-E/R) and the intercept in Eq. 15 (In(QApk/L)).

3. Instruments, Testing Materials, Safety Precautions and
Procedure

3.1 Instruments
3.1.1 Oven and Oven Modifications
The oven used for testing was a Memmert UFE500 115V Forced Air Controlled

Convection Oven seen in Figure 3.1.

Figure 3.1: The Memmert UFE500 Forced Controlled Convection Oven
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The dimensions of the inside of the oven were 56cm wide by 48cm tall by
40cm deep with an approximately 15cm diameter fan on the back wall, shown in

Figure 3.2.

Figure 3.2: Inside of Oven Showing Thermocouple Placement

The fan positioned on the back wall of the oven blew out across the back wall, not
straight forward. There was a display and dial on the front that controlled the oven
settings including the temperature, fan speed, maximum temperature, time, etc.

shown in Figure 3.3.
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Figure 3.3: Front Display of Oven with On/Off Switch and Adjustment Dial

There was also a window on the front of the oven door which helped in viewing the
sample during a test. The temperature of the oven was accurate to +.5°C and during
all of the tests the fan speed was set to the highest setting to assure forced convection.
Four ungrounded 1/16” diameter stainless steel sheath type K thermocouples
were installed in each of the four corners of the oven. Each thermocouple was
positioned 4” from the left or right nearest wall and 4” from either the top or the
bottom walls of the oven. They extended into the oven 8” from the back wall which
left the tip of the thermocouples at the center of the oven depth shown in Figure 3.2.
These thermocouples were used to make sure the temperature was the same
throughout the oven at all times and that the temperature did not differ between the
reading on the front display of the oven and the actual temperature inside the oven.
There was also a hanging rod installed above the fan which gave each sample

a place to hang during its test, shown in Figure 3.4.
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Figure 3.4: Hanging Rod Installed Above Fan in Oven

The hanging rod had a notch near the end of it which was used to make sure each
sample hung in the same location each time, which was approximately the middle of
the oven. This eliminated the need for a shelf for the sample to sit on during its tests
which would have possibly introduced conduction to the sample from the shelf and

tainted the results of the test.

3.1.2 Materials

The baskets were made from 60 mesh .25mm opening stainless steel. That
posed to be a very good material for holding the contents of the sample, even as the
cotton turned to ash, throughout the whole duration of the test. There were three
different sized baskets used for testing; 5cm, 7.5cm and 10cm. These baskets all had
tiny holes near the top where a small metal hanging wire could be inserted and
secured so the baskets could hang safely inside the oven.

The linseed oil that was used for testing was Klean-Strip Boiled Linseed Oil

seen in Figure 3.5.
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Figure 3.5: Klean-Strip Boiled Linseed Oil Used for Testing

One quart resealable containers were used to keep the linseed oil from oxidizing and
losing its potency.
The cotton used for the experiments was 100% cotton batting, shown in

Figure 3.6.

Figure 3.6: 100% Cotton Batting Roll
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The 100 yard roll of cotton was 46” wide and made it easy to cut into strips for
testing.

3.1.3 Data Acquisition

The three thermocouples used during almost all of the tests were all 36 AWG
(.127mm dia) Type K glass insulated thermocouples. These thermocouples were
positioned in the same specific spots for each test which will be further discussed
later in section 3.3.

All of the thermocouples, from the oven and the sample, were connected to a
Fluke 2645A NetDAQ system which was also connected to a computer through an

Ethernet cable, seen in Figure 3.7.

Figure 3.7: Fluke 2645A NetDAQ System Connected to the Computer

This system collected and stored the data for each test throughout the testing

process. Measurements for all tests were taken at one second intervals.

3.2 Safety Precautions
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Throughout the testing process, scenarios arose where it was concluded that a
special action should be taken to control the scenario before it became hazardous to
the lab area. One main hazardous scenario was discovered that could be very
dangerous and even life threatening if it arose during the actual running of the tests.
During testing, the sample could possibly give off enough vapors, at some point
between smoldering and flaming, to potentially cause an explosion inside the oven.

With this in mind a safety system was installed to control the environment inside the

oven, shown in Figure 3.8.

A \

\ ”

Figure 3.8: Safety System

The safety system was controlled by the center temperature of the sample and the
parts it controlled included an outlet where the oven would be plugged into, a
solenoid which would control the flow of nitrogen to the oven and a switch. When
the center temperature reached its specified temperature the switch would operate and
the two safety measures would execute. First, the safety system would shut off power

to the oven thus removing heat from the interior of the oven which slowed down the
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reaction and created a less likely environment for auto ignition. The oven would stay
off until the green button on the top of the safety system was pressed. Secondly, the
solenoid opened thus purging the oven with cool nitrogen to try to slow down the
reaction by taking the place of oxygen and cool down the interior of the oven. The
line for the nitrogen was run through an exhaust hole in the back of the oven seen in

Figure 3.9.

Figure 3.9: Nitrogen Line Running Through Exhaust Port Hole

This safety system’s operation was very important because an explosion inside the lab
could happen.

The second main safety precaution involved the containment of all leftover
linseed oil saturated materials. A metal garbage can with a metal lid was filled half
way full of water and acted as a safe containment vessel to discard any materials
containing linseed oil. While preparing samples there were many rags, towels, gloves
etc. used to help contain and clean the linseed oil from the lab area. If not properly

disposed of, the trash could very easily be saturated or ignited by the linseed oil
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soaked rags, towels, gloves etc. This posed another very large hazard that needed to
be dealt with before any testing started.

The last main safety precaution was the installation of a portable hood over
the exhaust port of the oven. The portable exhaust hood, seen in Figure 3.10, was a
must to export the smoke coming out of the oven so the lab area did not fill with the

smoke.

Figure 3.10: Portable Hood Positioned Over the Open Oven Door

It also had to be portable so it could be moved over the top of the oven door when the

door needed to be opened.

3.3 Procedure

The oven was turned on first so it could start its preheating process and reach
the specified temperature before the sample was prepared. The preheating process
was by far the longest out of the whole procedure which is why it was sometimes
done well in advance to make sure it was ready. With the oven on and preheating, the

strips were then measured and cut out of the roll of the 100% cotton fabric. Squares,
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of the specified size to fit the basket being tested were then measured, marked and cut

out of the cotton strips, shown in Figure 3.11 and Figure 3.12.

Figure 3.12: Cut Out Squares Stored in Bin

Linseed oil was then applied to the specified amount of squares by one out of two

different methods.
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The first method of linseed oil application, which was used for the 5¢cm (75%
concentration), 7.5cm (77% concentration) and 10cm (80% concentration) tests, was
a saturate and wring method. This method involved of a pan of linseed oil and the
squares being laid flat in the pan which totally saturated the squares, seen in Figure
3.13. The squares were then wrung out one by one and weighed afterwards to confirm

the correct concentration.

Figure 3.13: Saturating the Squares in a Pan of Linseed Qil

The second method of application used an oil sprayer that would evenly spray

the linseed oil onto the squares one by one, shown in Figure 3.14.
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Figure 3.14: Spraying Linseed Oil on a Cotton Square

This method was used for the 5cm (50% concentration) and 5cm (33.3%
concentration) tests. The sprayer was a reusable oil sprayer that used a hand pump to
create pressure. Using the sprayer for application made it very easy to test different
linseed oil to cotton concentrations. Again, each square was weighed to assure the

correct linseed oil to cotton concentration was met shown in Figure 3.15.

Figure 3.15: Individual Square Being Weighed After Linseed Oil Application
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This application and weighing process was done for the whole stack of squares
involved in the test then the whole linseed oil soaked cotton stack was weighed one
last time to double check the concentration.

Once the application process was completed, the squares were placed into the
metal basket one by one until it was half full. They were placed in the basket while
the linseed oil was still wet. When half full, the three 36 AWG Type K
thermocouples were inserted into the basket, one in the center of the sample and the

other two on opposing surfaces as seen in Figure 3.16.

Figure 3.16: Thermocouple Placement In the Center and On the Surface of the Sample

With the thermocouples in place the rest of the squares were placed on top till the
basket was full and the sample took the shape of a cube. The hanging wire was then
securely attached to the top of the basket, shown in Figure 3.17, and the sample was

ready to be placed in the oven.
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Figure 3.17: Prepared Sample Ready to be Placed in Oven

Immediately after the NetDAQ system started collecting data the sample was placed
in the oven by opening and shutting the door very quickly so minimal heat would
escape. If a lot of heat were to escape then the results of the test may be skewed. The
sample was left in the oven either until the desired data had been received or, for

longer tests, over night.
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4. Results and Discussion
4.1 Overview

For this research, a method to easily test spontaneous material was explored.
An oven was instrumented so the oven basket method could be performed on linseed
oil soaked rags. The hazardous combination of linseed oil and cotton was picked due
to its popularity for spontaneously igniting and the demand for more information on
its tendencies. To safely run these tests a safety system was built and installed to
control the internal conditions of the oven.

Originally, the Frank-Kamenetskii method of analysis was to be coupled with
the oven basket method to produce critical temperatures and eventually the
parameters P and M talked about in section 2.2. During the trial and error process of
pinpointing a critical temperature for the 5cm (75%), 7.5cm (77%) and 10cm (80%)
baskets a critical temperature was not found because every trial reaching a super-
critical state or “igniting”, to be further discussed in section 4.2. The lack of ability to
produce a sub-critical test was due to the high concentration of linseed oil contained
in the samples. This left the crossing point method (Jones) to be used to analyze the
data from the oven basket method instead.

To use this method the oven basket method had to be tested in a slightly
different manor. Instead of looking for critical temperatures, as called for by the F-K
method, each basket was tested at a range of oven temperatures. From this data, the
point at which the center temperature (T) and the oven temperature (T,) crossed,

which is referred to as the crossing point, was found for each test, which will be
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further discussed in section 4.4. From these crossing points the crossing point
method of analysis was applied to find the activation energy (E) and QA which
eventually would lead to the calculation of P and M, originally sought by the F-K
method. The crossing point (Jones) method resulted in some very nice data and also
compared very well to data from other sources which will be shown further in section
4.4. This method coupled with the oven basket method provided for a very quick and
easy approach in testing spontaneous material and is recommended for testing other

spontaneous materials in the future.

4.2 Raw Data

When investigating the test results of the different basket sizes and
concentrations, with no suppression system activated, three different states were

reached, ignition, smoldering and flaming, seen in Figure 4.1.

10cm-48°C - 80% Concentration - Test 1
800

<€—— Flaming
700 -
600 -
Smoldering
9 500 -
g
3 i
E 400 - Oven Temp
A Ignition Center Temp
E 300 - — - Surface (window side)
------- Surface (fan side)
200 -
100 - P ..
0 T T T
0 50 100 150 200 250 300 350

Time (minutes)

Figure 4.1: The Three States of a Typical Test
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The first state reached was the ignition state which clarified whether this
sample was a run-away case or not. In Figure 4.1, ignition happened at
approximately 100°C shown by the sharp increase in the center temperature. This is
when the reaction happening inside the sample has run-away and keeps building on
itself thus making the reaction happen faster and faster. The heat generated from the
reaction causes the center temperature of the sample to increase very quickly till a
new state is reached. The 100°C temperature at which ignition happened was not the
same with every test due to changing sample sizes, linseed oil concentrations and
oven temperatures.

The smoldering state was the second state reached which in Figure 4.1 started
at approximately 100 minutes and lasted approximately 90 minutes while ranging in
temperature from 375°C to 425°C. During this state, the reaction in the center part of
the sample reached a high enough temperature where the cotton started to char as

seen in Figure 4.2.

| 4

Figure 4.2: Charred Center of a Sample
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In some cases, a sample would have a very prolonged charring state, as seen in Figure
4.1 lasting approximately 90 minutes at about 400°C, which created a void in the

center of the sample as seen in Figure 4.3, Figure 4.4 and Figure 4.5.

Figure 4.3: A Void Created Around the Center Thermocouple

Figure 4.4: Showing a Void in the Center of a Sample
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Figure 4.5: A Very large Void Created Around the Center Thermocouple

The voids were circular in shape and ranged in size from a couple centimeters to
approximately 10cm in diameter. Also during the smoldering stage, the oven
completely filled with smoke making it so the sample was not visible through the
window on the front of the oven. The smoke mainly had a white/grey color and also
had a very strong odor.

The final state that occurred was the flaming state. This was shown as huge
spike in the center temperature data happening right after the smoldering stage. In
Figure 4.1, the flaming state lasted approximately 30 minutes at around 725°C.
Flaming occurs when there is enough oxygen present inside the sample and the heat
produced by the run-away reaction and smoldering is great enough to ignite the
flammable vapors given off by the cotton. Although flaming was reached in Figure
4.1 it was not reached in a majority of the samples mainly because the smaller

samples ran out of cotton to burn during the test and the safety system was activated
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most of the time, which shut down the system before the flaming state could be
reached.

At approximately 240 minutes the flaming state started to extinguish and the
center temperature of the almost totally charred sample began to decrease. With not
much substance left of the sample the temperature of the sample decreased all the

way to oven temperature where it stayed for the remainder of the test.

4.3 Critical Ignition Temperature Testing

Originally the Frank-Kamenetskii method was to be used to analyze the data
produced by the oven basket method. This meant the oven basket method would be
used to find a critical temperature for each of the different basket sizes as talked about
in section 2.2. When the process of pinpointing critical temperatures began the 5cm
(75%), 7.5cm (77%) and 10cm (80%) were all tested first. At the beginning of
testing, higher oven temperatures were used and every sample tested for all three
baskets went to ignition. To try to get a sub-critical test a decrease in the oven
temperatures was carried out until an ambient oven temperature (~20°C) was finally
tested in which the samples still went to ignition, shown in Figure 4.6, Figure 4.7 and

Figure 4.8.
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Figure 4.6: Showing Ignition for the 5cm (75%) Basket over the Temperature Range of 45°C -
200°C
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Figure 4.7: Showing Ignition for the 5¢cm (75%) Basket over the Temperature Range of 20°C -
60°C
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7.5cm- 77% Conc. - Temps 40°C- 150°C- Ignition With Changing Oven
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Figure 4.8: Showing Ignition for the 7.5cm (77%) Basket over the Temperature Range of 40°C -
150°C

Each of the figures shows the area where ignition occurred during their test run. With
a sub-critical test unable to be achieved, even at ambient temperatures, the F-K
method could not be used on these basket sizes at their linseed oil concentrations.
The only way to get a sub-critical test with those basket sizes and concentrations
would be to run a test at lower than ambient oven temperatures. This would require a
refrigerated room or some apparatus that would create the same oven environment at
lower than ambient temperatures, which was not available. Since the conditions to
get results for the Frank-Kamenetskii method were not available other options had to
be considered, for example, changing the concentration of linseed oil.

Later on in the testing stages the linseed oil concentration was changed to
33.3% and 50% of oil by weight for the 5cm basket size. A critical temperature for

the 5cm (33.3%) basket size was pursued but was not found as seen in Figure 4.9.
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Figure 4.9: Possible Critical Ignition Temperature for the 5cm (33.3%) Basket Size
Oven tests began around 50°C and were decreased untill a sub-critical test was found
at an oven temperature of 40°C. Even though it is hard to see, Figure 4.9 shows the
40°C test not having a sharp increase in temperature confirming that it is a sub-critical
test. With no ignition at 40°C and ignition at 41°C an oven temperature of 39°C was
tested to see if another sub-critical test would result. When looking at the 39°C test in
Figure 4.9 at around 2000 minutes the center temperature of the sample starts to
increase rapidly, not common of a sub-critical test, thus resulting in ignition. With
the sub-critical test at 40°C it is believed that the critical temperature for that sample
is very close to being achieved but additional testing would be needed to exactly
pinpoint the critical temperature of that basket size and concentration.

With the lack of critical temperatures for any of the basket sizes the Frank-
Kamenetskii method of analysis was not able to be used. Because of this other means

of analysis needed to be resorted to namely, the crossing point method.
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4.4 Crossing Point Method (Jones)

4.4.1 Crossing Points

The crossing point method was used as a means of analysis because no critical
temperatures were found for the Frank-Kamenetskii method. Originally, both the
Chen and Jones method, as talked about in section 2.3, were going to be applied to all
of the data but after examining the data given from the oven basket method it seemed
as if the thermocouples placed on the surface of the sample were giving strange
readings. Due to these outcomes only the Jones method was used for the final
analysis.

To start out using the crossing point method the whole scheme of testing with
the oven basket method had to be reassessed. As talked about at the end of section
2.2, when it was decided that the crossing point method was going to be used for
analysis the oven basket method had to be used in a different way than it was
originally used by the F-K method. Critical temperatures, as required by the F-K
method, were not explored but instead the different basket sizes were exposed to a
range of oven temperatures. For example, the 5cm (33.3%) basket size was exposed
to six different oven temperatures ranging from 60°C to 150°C. The data that was
collected from these tests was recordings of the center, surface and oven temperatures
throughout the duration of the test. An example is shown in Figure 4.1.

After all the basket sizes were tested at their respective oven temperatures the
raw data produced was examined using the Jones method. To help understand this
method an example will be explained at each step of the process, the first example is

shown in Figure 4.10.
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Figure 4.10: Point where the Center Temperature Crosses the Oven Temperature for the 7.5cm
(77%) Basket Size

The center temperature of each data set was located and inspected until the point at
which the center temperature crossed the oven temperature was found, seen in Figure
4.10. This was deemed the crossing point of this test. The next step was to find the
slope of the center temperature at the crossing point location. First, a graph of the
crossing point was made which zoomed in on the intersection. A trend line was then

fitted to the center temperature data, seen in Figure 4.11.
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Figure 4.11: Showing the Trend line Fitted to the Center Temperature and Showing the Slope

With a trend line fit to the center temperature data the equation for the trend line was
shown and the slope of the line was recorded. This was done for all basket sizes at
every oven temperature tested.

With every slope recorded, a small calculation was made to the slopes and
their respective oven temperature. The natural log was taken of the slope, In(dT/dt),
and the oven temperature was first converted to Kelven, by adding 273.15, and then

the inverse was taken, 1/T,. The values for the 5cm (50%) are shown in Table 2.

5¢cm (50%0)

Oven Temps (°C) | Oven Temps (K) 1(20K01/;r ° | Crossing Point Slopes (K/s) | In(dT//dt)
160 433.15 2.31 59.64 4.09
145 418.15 2.39 51.45 3.94
125 398.15 2.51 49.69 3.91
100 373.15 2.68 27.89 3.33
90 363.15 2.75 17.13 2.84
80 353.15 2.83 9.52 2.25
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Table 2: Showing the Calculations Done to the Oven Temperature and the Crossing Point Slope

The inverse of the oven temperature was multiplied by. The next step involved the
new numbers being graphed with 1000/T, on the x-axis and In(dT¢/dt) on the y-axis,

seen in Figure 4.12.

In(dTc/dt) vs. 1000/To for the 5cm (50%) Basket Size Using the Jones Method
O 5cm (50%) ——Linear (5cm (50%))
45 - Natural Log of Crossing Point

Ln(dTc/dt) at To

y=-3.2957x + 11.894

- Slope and Intercept of Trendline /

2.25 2.35 2.45 2.55 2.65 2.75 2.85 2.95
1000/To

Figure 4.12: The Graph of In(dT/dt) vs. 1000/T, for 5cm (50%) Basket Size
Just as in Figure 4.11, a trend line was fit to this data but this time the slope and
intercept were both recorded. This trend line is represented by Eq. 16, where the

slope of the trend line is equal to —E/R and the intercept is equal to In(QA/c).

In (%) —In (E) _ 1000 (Eq. 16)

c R T,

When the rest of the data was graphed a group of outliers showed up. In Figure 4.13,
the data for the 5¢cm (75%), 7.5cm (77%) and 10cm (80%) baskets did not have the

same straight line shape as seen in Figure 4.12.
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Comparison Between Basket Sizes 5¢cm, 7.5cm and 10cm - All Data using Jones Method

O 5cm (75%) X 7.5cm(77%) O 10cm (80%) ----- Linear (Scm (75%)) Linear (7.5cm (77%)) - Linear (10cm (80%))
a4+
Data from Higher Oven Temperatures
3.5 /_ y=-1.8954x + 7.3535

<o y=-2.0407x + 8.062

Sk y=-1.4103x + 5.3544

N
wn

N

In{dTc/dt) at To

e
w0

[

e
&)

Data from Lower Oven Temperatures _/

2 2:2 2.4 2.6 2.8 3 3.2 3.4
1000/To

Figure 4.13: The Graph of In(dT/dt) vs. 1000/T, Comparing the 5cm (75%), 7.5cm (77%) and
10cm (80%) Basket Sizes

The tests using extreme oven temperatures, high and low, produced data that is not
what is expected. The data using the higher oven temperatures seems to plateau from
approximately 2.1 to 2.4. At the other end, when using lower oven temperatures the
data seems to drop off or sharply decrease around 3.1. Another graph was made

excluding the outlying data points seen in Figure 4.14.
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Comparison Between Basket Sizes 5cm, 7.5cm and 10cm using Jones Method
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Figure 4.14: The Graph of In(dT/dt) vs. 1000/T, of the 5¢cm (75%), 7.5cm (77%) and 10cm (80%)
Basket Sizes without the Outliers

With the outliers not included the data forms a much straighter line as expected.
When the slopes were compared from Figure 4.13 to Figure 4.14 to see how much of
a difference the outlying points made, there was not much difference found. In
Figure 4.13, the slopes were -2.0407, -1.8954 and -1.4103 for the 5cm (75%), 7.5cm
(77%) and 10cm (80%) baskets. In Figure 4.14, the slopes were -2.0957, -1.8893 and
-1.5328 for the 5¢cm (75%), 7.5cm (77%) and 10cm (80%) baskets. With the 5¢cm and
7.5cm basket slopes only having an approximate .01 difference and the 10cm basket
only having an approximate .1 difference there is no real reason to exclude the
outlying data. Resulting from this, the slopes produced by using all of the trials, seen
in Figure 4.13, for the 5cm (75%), 7.5cm (77%) and 10cm (80%) baskets were used

in the rest of the calculations.
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4.4.2 Activation Energy

After finding all of the slopes from the In(dT/dt) vs 1000/T, graphs another
small calculation was done to produce their activation energies. From Eq. 16 the
slope is equal to —E/R and to find the activation energy the slope was multiplied by -
1000/R. Usually it would be multiplied by -1/R but 1000/T, was used on the x-axis to

make the numbers larger as stated above. The values can be seen in Table 3.

Size (cm) Slope Activation Energy, E (kJ/mol)
10 (80%) -1.4103 11.73
7.5(77%) -1.8954 15.76

5 (75%) -2.0407 16.97

5(50%) -3.2957 27.40
5(33.3%) -5.0965 42.37

Table 3: Calculation of Activation Energy using the Slope from Figure 4.13

These values were then plotted with concentration seen in Figure 4.15.
Activation Energy Data
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Figure 4.15: Activation Energy for All Different Sized Baskets and Concentrations
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Figure 4.15 shows that as the concentration of linseed oil and the size of the sample
both increase the activation energy decreases. With the higher concentration samples
having lower activation energy this means the samples need less energy from the heat
of the oven to activate the reaction inside the sample. By requiring less energy to
activate the reaction it also requires less energy to produce a run-away scenario. The
samples that have a lower concentration have a higher activation energy. This means
the lower concentration samples require more energy from the heat of the oven to
activate the reaction inside. A comparison between the results shown in Figure 4.15,
the data from Gross and Robertson (2) and the data from Khattab et al (4) is shown in

Figure 4.16.

Activation Energy Data Comparison

¢ Khattab 10% 02
+ Khattab21% 02
A Khattab30% 02
X Khattab 40% 02
B Khattab 50% 02
® Khattab 60% 02
X Gross and Robertson
X 5cm (33.3%)

0O Scm (50%)

O 5cm (75%)

O 7.5cm (77%)

A 10cm (80%)

Activation Energy (kJ/mol)

—Trendline all data
0 10 20 30 40 50 60 70 80 90 100

Percent Linseed Oil by Weight (%)

Figure 4.16: Comparing Activation Energy from Testing, Khattab et al (4) and Gross and
Robertson (2)

The data from Khattab et al (4) begins to show how the concentration of linseed oil
contained in the sample effects the resulting activation energy. It is seen in their data
that as the concentration of the sample goes to zero the activation energy reaches a

peak value between 130 and 170 kJ/mol. As they increase the linseed oil loading
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from 0% to 20% the activation energy starts to decrease and reaches a value between
65 and 95 kJ/mol. The data from Khattab et al shows a range of activation energies
because during their testing they also varied the oxygen concentration, as stated in
section 2.1.3. The data from Gross and Robertson (2) reinforces the numbers that
Khattab et al found at their lower concentration range. Gross and Robertson found a
16.6% concentration to have an activation energy of 88 kJ/mol, as talked about in
section 2.1.3. When the data from this research is graphed with the data from Khattab
and Gross the decreasing trend started by Khattab and Gross is completed, shown in
Figure 4.16. All of the data together shows very nicely that as the concentration of
linseed oil is increased in a sample of cotton the energy needed to activate the
reaction inside the sample becomes less and less. This means that as the
concentration of linseed oil increases the less energy is needed for the sample to go to
ignition also. This is exactly why concentrations of linseed oil that would be seen in
real world applications, probably around 75% of linseed oil by weight of cotton, are
so dangerous.

4.4.3 Calculation of P and M

To calculate the parameters P and M the slopes and intercepts collected from
the In(dT/dt) vs 1000/T, graphs, for example Figure 4.12, were needed. P was
calculated first. P was calculated using Eg. 10 which is exactly the slope from the
In(dT¢/dt) vs 1000/T, graph but, since 1000/T, was used the slope had to be
multiplied by 1000 to be correct. The values for P can be seen in Table 4 and Figure
4.17. Next, M was calculated using Eq. 11 and the approximated thermal properties

listed in Table 5. The values for M can also be seen in Table 4 and Figure 4.18.
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Basket Size and Concentration P M
Gross and Robertson 16.6% 10584.56 49.6
5¢m - 33.3% 5096.50 39.50
5¢m - 50% 3295.70 34.46
5¢cm - 75% 2040.70 30.98
7.5cm-77% 1895.40 30.15
10cm - 80% 1410.30 27.91

Table 4: The Values of P and M for All Basket Sizes and Gross and Robertson (2)

For units for P and M see section 2.2. The values for thermal conductivity (1) were
extrapolated by using .06 W/mk for uncontaminated cotton and .147 W/mk (12) for
linseed oil. The extrapolation also took into account the ratio of linseed oil to cotton

by weight in each sample shown in Eq. 17.

“:l’mz'x = Korron‘q’corton + }Einsssd “:l’!z'nsaari (Eq 17)

The values for density were calculated from the recorded weights of the samples
during preparation as talked about in section 3.3. For example, the weight of a
sample for the 5cm (33.3%) basket weighed approximately 12g. This gives 12g per
5cm® which was then converted to units of kg/m®. Specific heat (c) values were also
extrapolated using 1300 J/kg-K for uncontaminated cotton and 1796 J/kg-K for
linseed oil (12) while also taking into account the ratio of linseed oil to cotton in each
sample. The equation used for this is shown in Eq. 18.

€ .. =Y c + ¥

mix cotton - cotton linssad Clinssed (Eq 18)
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The thermal diffusivity was calculated using Eq. 19.

k=A4/pc (Eq. 19)
. . E A A c k
Basket Size and Concentration (kJ/mol) (J/(s?-kg) (J/s-m-K) (kg;)mB) (J/kg-K) (m2/s)
10cm - 80% 11.73 3.59E+05 0.130 339 1696.80 | 2.25E-07
7.5cm - 77% 15.76 2.63E+06 0.127 317 1681.92 | 2.38E-07
5¢cm - 75% 16.97 5.30E+06 0.125 329 1672.00 | 2.28E-07
5cm - 50% 27.40 2.27TE+08 0.104 128 1548.00 | 5.22E-07
5¢cm - 33.3% 42.37 2.60E+10 0.089 96 1465.24 | 6.33E-07
Gross and Robertson 16.6% 88 4.7E+13 0.046 309 1400.00 | 1.06E-07

Table 5: Spontaneous Ignition Properties Used in the Calculation of M and Compared to Gross
and Robertson’s Data (2)

Comparison of P Values vs. Linseed Oil Concentration
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Figure 4.17: Graph of values of P vs. Concentration of Linseed Oil
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Comparison of M Values vs. Linseed Oil Concentration
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Figure 4.18: Graph of values of M vs. Concentration of Linseed Oil
With P equaling —E/R the P values, shown in Figure 4.17, should decrease with
increasing concentration and basket size just as the activation energy did in Figure
4.16, which they do. This makes sense since the activation energy is the driving
parameter in P with R being a constant. Since the activation energy is also included
in the equation for M the values for M should also decrease with increasing sample
concentration and basket size, which they do. The values for M don’t exactly match
the same decreasing trend as the P values because of the other factors taken into
account when calculating M, thermal conductivity, density, specific heat, QA.
Graphs of these thermal properties with linseed oil concentration are shown in Figure

4.19, Figure 4.20, Figure 4.21, Figure 4.22 and Figure 4.23.
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Thermal Conductivity, A {J/s-m-k)

Density, p (kg/m3)
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Figure 4.19: Graph of Thermal Conductivity with Linseed Oil Concentration
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Figure 4.20: Graph of Density with Linseed Oil Concentration
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Specific heat, c (J/kg-K)

Thermal Diffusivity, k {(m2/s)

Comparison of ¢ Values vs. Linseed Oil Concentration
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Figure 4.21: Graph of Specific Heat with Linseed Oil Concentration
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Figure 4.22: Graph of Thermal Diffusivity with Linseed Oil Concentration
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Comparison of In(QA) Values vs. Linseed Oil Concentration
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Figure 4.23: Graph of In(QA) with Linseed Oil Concentration

When investigating the graph of thermal conductivity, Figure 4.19, Density, Figure
4.20, and Specific Heat, Figure 4.21, it makes sense that they all increase with the
concentration of linseed oil. The thermal conductivity and specific heat of linseed oil
are both higher than that of cotton, shown above, so it makes sense that these values
increase as the sample concentration increases. Linseed oil is also much denser than
cotton and again it makes sense when the sample density increases with increasing
linseed oil concentrations. In Figure 4.20, it is shown that the density for the Gross
and Roberson is in the same range as the 5¢cm (75%), 7.5cm (77%) and 10cm (80%)
basket sizes. This doesn’t mean that the densities used the 5cm (33.3%) and Scm
(50%) basket sizes are wrong it just means that a higher packing density was used for
their testing. Figure 4.22 shows the thermal diffusivity which was calculated from
Eq. 19 using the three parameters, thermal conductivity, density and specific heat. As

the concentration of linseed oil increases the thermal diffusivity decreases meaning
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that it becomes harder for heat to diffuse into the sample as the concentration of
linseed oil in the sample increases. This makes sense and plays a big part in
activating the reaction inside the sample. Figure 4.23 shows that as the concentration
of linseed oil increases, In(QA) decreases. These were the y-axis intercept values

from the In(dT/dt) vs 1000/T, graphs.

4.4.4 Rate of Reaction per Unit Volume

Using these parameters the rate of reaction per unit volume, Q" from Eq. 2

can also be calculated for an individual test run, as seen in Figure 4.24.

Rate of Reaction per Unit Volume vs. Time - 10cm - 48°C - 80%
Concentration
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Figure 4.24: Reaction Rate per Unit Volume for 10cm (80%) Basket with 48°C Oven
Temperature

Figure 4.24 show the reaction rate per unit volume for the 10cm (80%) basket size
tested at an oven temperature of 48°C with time. The reaction rate is calculated from
the start of the test till just after ignition. This time period is the only time when the

calculated properties are correct, after this time period the properties change resulting
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from ignition. When comparing the reaction rate per unit volume to the time
temperature curve, seen in Figure 4.1, it is evident that the reaction rate directly
applies to the center temperature of the substance. As the center temperature starts to
increase after the sample is placed in the oven the rate of reaction also starts to
increase. At 50 minutes the rate of reaction spikes which is the exact moment that
ignition occurs in the sample. This can also be seen in Figure 4.1 when the center

temperature increases significantly at the ignition point.

4.5 Time to Ignition

When looking at all the tests from Figure 4.6, Figure 4.7 and Figure 4.8 along
with some additional data for the 10cm (80%) basket size, the ignition time for each
test run was found. Ignition was determined to be when the center temperature of
each sample started to increase 10°C per minute for the 5cm (75%), 7.5% (77%) and
10cm (80%) basket sizes and 20°C per minute for the 5¢cm (33.3%) and 5¢cm (50%)
basket sizes. When the sample reached this rate of increase it was determined that the
reaction inside the sample achieved run-away conditions. After compiling the results

the different basket sizes were compared, shown in Figure 4.25 and Figure 4.26.
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Time to Ignite for Basket Sizes 5cm (75%), 7.5cm (77%) and 10cm (80%)
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Figure 4.25: Time to Reach Ignition for 5cm (75%), 7.5cm (77%) and 10cm (80%) Basket Sizes
Figure 4.25 shows a decreasing trend in time as the oven temperature increases. This
means that as the oven temperature the sample is exposed to increases, the time it
takes the sample to reach ignition decreases, which is expected. As the oven
temperatures reach ambient temperature (20°C) the time it takes samples to go to
ignition significantly increases, reaching a time of over 5.5hrs. It is also shown in
Figure 4.25 that as the basket size and concentration are decreased the time to ignition
also decreases. This phenomenon happens very distinctively at 100°C where the 5cm
(75%) reaches ignition before the other two basket sizes. This is most likely due to
the fact that as the sample gets larger the thermal diffusivity decreases, as talked
about in section 4.4.3. This means it takes longer for the heat produced by the oven
to heat up the sample and effect the reaction happening inside the sample. Another
factor that could be effecting the time of ignition could be the time it takes the oxygen

to filter into the sample to feed the reaction. As the basket size increases it would
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take longer for oxygen, like the heat from the oven, to filter into the sample thus
resulting in the larger samples taking a longer time to reach ignition. Figure 4.26

shows the ignition times for the different concentrations of the 5cm basket.

Time to Ignite for Basket Sizes 5cm (75%), 5cm (50%) and 5¢cm (33.3%)
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Figure 4.26: Time to Ignite for 5cm (75%), 5¢cm (50%) and 5¢cm (33.3%0)

Again, as the oven temperature the sample is exposed to increases the time it takes to
reach ignition decreases. Figure 4.26 also shows that as the concentration of the
sample decreases the time it takes for the sample to go to ignition decreases. This is
due to the less concentrated samples having a lower density and higher thermal
diffusivity. With a higher thermal diffusivity the sample will be affected by the heat
of the oven quicker which will affect the reaction inside the sample earlier in the
testing. With further testing the optimal concentration could be found that would
provide the quickest ignition times.

There is also an induction period theory in Bowes (1) which can be used to

estimate the time to ignition for a sample having the geometry of a slab, cylinder or a

65



sphere. There are also different factors that are accounted for by his theory including
the effect of moisture and reactant consumption. This theory was not pursued but

future analysis could be done using the acquired data.
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5. Conclusions

This research was conducted to help fire investigators find an easier way to
test and analyze spontaneous material. Originally the Frank-Kamenetskii was to be
coupled with the oven basket method to test linseed oil soaked cotton. An oven was
instrumented and a safety system was set in place to control the oven conditions
throughout the testing stages. After it was concluded that the F-K method would not
be able to be used the crossing point method was resorted to. Both the Chen and
Jones crossing point methods were originally used but due to complications in the
testing of the data the final results were done using only the Jones crossing point
method. The results given from the Jones crossing point method were very favorable
and fit nicely with results from other sources. The Jones method coupled with the
oven basket method was very easy to use and is recommended to be used in future
testing of spontaneous material.

After investigating the raw data produced by the oven basket method there
were three different stages that were reached during a typical test run. The first stage
reached was the ignition stage which resulted when the reaction inside the sample ran
away thus producing a significant rise in the center temperature over a short period of
time. The second stage was a smoldering stage when the inside of the sample started
to smolder which could be sustained for a long period of time if the appropriate
amount of oxygen in the center of the sample was present. The final stage was a
flaming stage which was an elevated temperature stage where flaming occurred if

enough fuel, oxygen and heat were present. After the flaming stage was finished the
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center temperature of the sample decreased to a final temperature at approximately
the oven temperature.

To use the Frank-Kamenetskii method critical temperature were pursued using
the oven basket method. After testing the 5cm (75%), 7.5cm (77%) and 10cm (80%)
basket sizes it was concluded that every oven temperature tested led to ignition,
including ambient temperature (20°C). Later on in the testing stage the concentration
of the 5cm basket was reduced to 33.3% and 50% where a critical temperature was
pursued when testing the 5cm (33.3%) basket size. A sub-critical test was found at an
oven temperature of 40°C but it was eventually concluded that further testing needed
to be done to exactly pinpoint a critical temperature. With no critical temperatures
found the crossing point method was resorted to.

When applying the Jones version of the crossing point method it was very
easy to examine the raw data produced by the oven basket method to find the crossing
points and their slopes. After completing the analysis of the crossing point method
the activation energy was found for all of the basket sizes. The activation energies
were 42.37 kJ/mol, 27.40 kJ/mol, 16.97 kJ/mol, 15.76 kJ/mol and 11.73 kJ/mol for
the 5¢cm (33.3%), 5¢cm (50%), 7.5% (77%) and 10cm (80%) basket sizes. It was
concluded that as the concentration of the linseed oil increased in the sample the
activation energy of the sample decreased. When the results from Khattab et al (4)
and Gross and Roberston (2) was graphed with the data from this research a very nice
decreasing trend was found showing further that as the concentration of linseed oil in

the sample increase the activation energy decreased.
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The calculation of P and M for all basket sizes also found favorable results
seen in Table 4. Both the P and M values decreased as the concentration of the
linseed oil in the sample increased. This trend was the same as the trend for the
activation energy, which was expected since the activation energy was included in the
calculation of both parameters. The trend for the M parameter was not exactly the
same as the trend found for the P parameter. It was concluded that the difference was
due to the other properties, thermal conductivity, density, QA, that were included in
the calculation of M. The P and M values agreed very nicely with the data from
Gross and Robertson. When the two sets of data were graphed together the Gross
data appeared in the expected area based on the trend of the research data.

The properties that were needed to calculate M were also used to calculate the

rate of reaction per unit area, Q"". This was done for the 10cm (80%) basket size with

an oven temperature of 48°C. The reaction rate was calculated from the start of the
test to just after ignition. After ignition the calculated properties would change but
during the specified region of the test they would remain as calculated. The reaction
rate increased slowly as the center temperature of the sample also increased. When
the sample reached ignition the reaction rate spiked just as the center temperature.
This gave a good picture of what was exactly happening in the center of the sample
up to ignition.

Lastly, the time to ignition was looked at closer for all three basket sizes.
Ignition was determined when the center temperature of each sample started to

increase 10°C per minute for the 5cm (75%), 7.5% (77%) and 10cm (80%) basket

sizes and 20°C per minute for the 5¢cm (33.3%) and 5¢cm (50%) basket sizes. When
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the ignition times for all of the basket sizes were found they were graphed with oven
temperature. It was concluded that as the oven temperature of the sample increased
as the time to ignition decreased. Also, as the oven temperature got very close to
ambient temperature (20°C) the time to ignition increased significantly to where the
5cm (75%) basket took over 5.5hrs to ignite. It was also concluded that as the
concentration and basket size increased the time to ignition also increased. This was
due to the effect the increased linseed oil concentration and basket size had on the
thermal diffusivity and density of the sample. As the linseed oil concentration and
basket size both increased the thermal diffusivity decreased and the density increased
thus making it harder for the heat produced by the oven to effect the reaction
happening inside the sample. This led to the larger more concentrated samples
having a longer ignition time.

Understanding that the oven basket method coupled with the crossing point
method is easy, cheap and effective will only expand the knowledge of spontaneous
materials and their tendencies. The method for using both the oven basket method
and the crossing point method described in this research is an effective, accurate,
understandable way of testing and analyzing spontaneous ignition results. It is
understood that linseed oil soaked rags, like any other spontaneous material, are a
dangerous combination when not dealt with properly and with the help of these
methods future products like this will be able to be tested while saving materials,

time, energy and ultimately money.
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6. Appendix
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Figure 6.1: 10cm - 47°C — 80% Concentration
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Figure 6.2: 10cm - 48°C — 80% Concentration — Test 1
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Figure 6.3: 10cm - 48°C — 80% Concentration — Test 2
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Figure 6.4: 10cm - 49°C — 80% Concentration
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Figure 6.5: 10cm - 50°C — 80% Concentration
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Figure 6.7: 10cm - 75°C — 80% Concentration
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Figure 6.8: 10cm - 90°C — 80% Concentration
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Figure 6.9: 10cm - 100°C — 80% Concentration — Test 1
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Figure 6.10: 10cm - 100°C — 80% Concentration — Test 2
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Figure 6.11: 10cm - 100°C - 80% Concentration — Test 3
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Figure 6.12: 10cm - 150°C — 80% Concentration
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Figure 6.13: 7.5cm - 22°C — 77% Concentration
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Figure 6.14: 7.5cm - 44°C — 77% Concentration
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Figure 6.15: 7.5cm - 45°C — 77% Concentration — Test 1
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Figure 6.16: 7.5cm - 45°C — 77% Concentration — Test 2
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Figure 6.17: 7.5cm - 47°C — 77% Concentration
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Figure 6.18: 7.5cm - 50°C — 77% Concentration
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Figure 6.19: 7.5cm - 55°C — 77% Concentration
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Figure 6.20: 7.5cm - 60°C — 77% Concentration
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Figure 6.21: 7.5cm - 70°C — 77% Concentration
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Figure 6.22: 7.5cm - 80°C — 77% Concentration
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Figure 6.23: 7.5cm - 100°C — 77% Concentration
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Figure 6.24: 7.5cm - 125°C — 77% Concentration

7.5cm - 22°C (amb.) - 77% Concentration

- = -OvenTemp

Center Temp  — - Surface (window side) -

50 60

Surface (fan side)

Time (minutes)
Figure 6.25: 7.5cm - 22°C — 77% Concentration
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Figure 6.26: 5cm - 45°C — 75% Concentration
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Figure 6.27: 5¢cm - 50°C — 75% Concentration
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Figure 6.28: 5cm - 60°C — 75% Concentration
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Figure 6.29: 5¢cm - 70°C — 75% Concentration
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Figure 6.30: 5cm - 80°C — 75% Concentration
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Figure 6.31: 5¢cm - 90°C — 75% Concentration
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Figure 6.32: 5cm - 100°C — 75% Concentration
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Figure 6.33: 5¢cm - 125°C — 75% Concentration
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Figure 6.34: 5cm - 150°C — 75% Concentration
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Figure 6.35: 5¢cm - 175°C — 75% Concentration
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Figure 6.36: 5cm - 200°C — 75% Concentration
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Figure 6.37: 5¢cm - 35°C — 75% Concentration
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Figure 6.38: 5cm - 33°C — 75% Concentration
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Figure 6.39: 5¢cm - 31°C — 75% Concentration
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Figure 6.40: 5cm - 26°C — 75% Concentration
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Figure 6.41: 5¢cm - 20°C — 75% Concentration
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Figure 6.42: 5cm - 80°C — 50% Concentration
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Figure 6.43: 5¢cm - 90°C — 50% Concentration
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Figure 6.45: 5¢cm - 125°C — 50% Concentration
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Figure 6.46: 5cm - 145°C — 50% Concentration
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Figure 6.47: 5¢cm - 160°C — 50% Concentration
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Figure 6.48: 5cm - 39°C — 33.3% Concentration
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Figure 6.49: 5¢cm - 40°C — 33.3% Concentration
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Figure 6.50: 5cm - 41°C — 33.3% Concentration
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Figure 6.51: 5¢cm - 42°C — 33.3% Concentration
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Figure 6.52: 5cm - 45°C — 33.3% Concentration
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Figure 6.53: 5¢cm - 50°C — 33.3% Concentration
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Figure 6.54: 5cm - 90°C — 33.3% Concentration
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Figure 6.55: 5¢cm - 100°C — 33.3% Concentration
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Figure 6.56: 5cm - 125°C — 33.3% Concentration
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Figure 6.57: 5¢cm - 150°C — 33.3% Concentration
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Figure 6.59: 5¢cm - 80°C — 33.3% Concentration
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Figure 6.60: 10cm - 47°C — 80% Concentration — Center crosses Oven
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Figure 6.61: 10cm - 48°C — 80% Concentration — Center crosses Oven — Test 1
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Figure 6.62: 10cm - 48°C — 80% Concentration — Center crosses Oven — Test 2
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Figure 6.63: 10cm - 49°C — 80% Concentration — Center crosses Oven
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Figure 6.65: 10cm - 60°C — 80% Concentration — Center crosses Oven
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Figure 6.66: 10cm - 75°C — 80% Concentration — Center crosses Oven
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Figure 6.67: 10cm - 90°C — 80% Concentration — Center crosses Oven
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Figure 6.68: 10cm - 100°C — 80% Concentration — Center crosses Oven — Test 1
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Figure 6.69: 10cm - 100°C — 80% Concentration — Center crosses Oven — Test 2
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Figure 6.70: 10cm - 100°C — 80% Concentration — Center crosses Oven
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Figure 6.71: 10cm - 150°C — 80% Concentration — Center crosses Oven
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Figure 6.72: 7.5cm - 44°C — 77% Concentration — Center crosses Oven
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Figure 6.73: 7.5cm - 45°C — 77% Concentration — Center crosses Oven — Test 1
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Figure 6.75: 7.5cm - 47°C — 77% Concentration — Center crosses Oven
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Figure 6.76: 7.5cm - 50°C — 77% Concentration — Center crosses Oven
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Figure 6.77: 7.5cm - 55°C — 77% Concentration — Center crosses Oven
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Figure 6.78: 7.5cm - 60°C — 77% Concentration — Center crosses Oven
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Figure 6.79: 7.5cm - 100°C — 77% Concentration — Center crosses Oven
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Figure 6.80: 7.5cm - 125°C — 77% Concentration — Center crosses Oven
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Figure 6.81: 7.5cm - 150°C — 77% Concentration — Center crosses Oven
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Figure 6.82: 5cm - 45°C — 75% Concentration — Center crosses Oven
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Figure 6.84: 5cm - 60°C — 75% Concentration — Center crosses Oven
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Figure 6.85: 5¢cm - 70°C — 75% Concentration — Center crosses Oven
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Figure 6.86: 5cm - 80°C — 75% Concentration — Center crosses Oven
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Figure 6.87: 5¢cm - 90°C — 75% Concentration — Center crosses Oven
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Figure 6.88: 5cm - 100°C — 75% Concentration — Center crosses Oven
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Figure 6.89: 5¢cm - 125°C — 75% Concentration — Center crosses Oven
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Figure 6.91: 5¢cm - 175°C — 75% Concentration — Center crosses Oven
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Figure 6.92: 5cm - 200°C — 75% Concentration — Center crosses Oven
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Figure 6.93: 5¢cm - 80°C — 50% Concentration — Center crosses Oven
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Figure 6.94: 5cm - 90°C — 50% Concentration — Center crosses Oven
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Figure 6.95: 5¢cm - 100°C — 50% Concentration — Center crosses Oven
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Figure 6.96: 5cm - 125°C — 50% Concentration — Center crosses Oven
5cm - 145°C - 50% Concentration - Center crosses Oven
- = -Oven Temp Center Temp —— Linear (Center Temp)
y=151.449x - 276.66
T T T T T T 1
7.8 7.9 8 8.1 8.2 8.3 8.4 8.5

Time (minutes)
Figure 6.97: 5¢cm - 145°C — 50% Concentration — Center crosses Oven
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Figure 6.98: 5cm - 90°C — 50% Concentration — Center crosses Oven

5cm - 60°C- 33.3% Concentration - Center crosses Oven
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Figure 6.99: 5¢cm - 60°C — 33.3% Concentration — Center crosses Oven
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Figure 6.100: 5cm - 80°C — 33.3% Concentration — Center crosses Oven
5cm - 90°C- 33.3% Concentration - Center crosses Oven
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Figure 6.101: 5cm - 90°C — 33.3% Concentration — Center crosses Oven
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Figure 6.102: 5cm - 100°C — 33.3% Concentration — Center crosses Oven
5cm - 125°C- 33.3% Concentration - Center crosses Oven
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Figure 6.103: 5cm - 125°C — 33.3% Concentration — Center crosses Oven

123



Temperature (°C)

Ln(dTc/dt) at To

190

180 -

170 -

160

150

140

130 -

5cm-150°C- 33.3% Concentration - Center crosses Oven

Center Temp —— Linear (Center Temp)

= = -OvenTemp

y=77.061x - 455.44

120 T T T T T T T T 1

1.5

0.5

7.4 75 7.6 77 7.8 7.9 8 8.1 8.2 8.3

Time (minutes)

Figure 6.104: 5cm - 150°C — 33.3% Concentration — Center crosses Oven

Comparison Between Linseed Oil Concentrations of 5cm Basket using Jones Method
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Figure 6.105: Comparison between Linseed Oil Concentrations of the 5cm Basket Size using Jones Method
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