
STUDY OF THERMAL PROTECTION AND 

FLAMMABILITY CHARACTERISTICS OF TEXTILE 

ASSEMBLIES USED IN MILITARY APPLICATIONS 

by 

T M KOTRESH 

DEPARTMENT OF TEXTILE TECHNOLOGY 

Submitted 
in fulfillment of the requirements of the degree of Doctor of Philosophy 

to the 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 
NEW DELHI, INDIA 110 016 

July 2010 



Dedicated to valiant IAF pilots 
whose lives were lost in crash fires 



Certificate 

This is to certify that the thesis entitled "Study of Thermal protection and 

flammability characteristics of textile assemblies used in military applications" 

being submitted by Mr. T M Kotresh, to the Indian Institute of Technology, Delhi, for 

the award of the degree of Doctor of Philosophy in the Department of Textile 

Technology is a record of bonafide research work carried out by him. Mr. T M 

Kotresh has worked under my guidance and supervision and fulfilled the 

requirements for the submission of the thesis. 

The results contained in the thesis have not been submitted, in part or full, to 

any other University or Institute for the award of any degree or Diploma. 

Prof. Ashwini K Agrawal 
Professor 
Department of Textile Technology, 
Indian Institute of Technology, Delhi. 
Hauz Khas,New Delhi —110 016. 
India 



ACKNOWLEDGEMENTS 

I express my deep sense of gratitude and sincere thanks to the supervisor Prof. Ashwini K 

Agrawal for the inspiring guidance, constructive criticism, valuable suggestions, constant 

encouragement and liberty provided during the course of this research. Prof. Ashwini K 

Agrawal's instruction and encouragement, which leads to author's graduation, will also 

benefit author in his future work. 

The author acknowledges with thanks Prof. Arup K Ghosh, chairman of Advisory 

Committee, Prof. B L Deopura, and Dr. Manjeet Jassal for providing advice and their 

invaluable time during the course of this work. 

The author acknowledges with thanks Dr V C Padaki, Director, Defence Bio-Engineering 

and Electro-medical laboratory (DEBEL) and Dr A S Krishna Prasad, Associate Director, 

DEBEL for their constant encouragement to carry out the work that has direct relevance 

to the safety of the fighter pilots of Indian Air Force (IAF). 

The author places on record the care and support of Dr G V Raghunath Reddy and Mr 

Sudhir Oberoi who took care of the author affected with jaundice during the course work. 

The author acknowledges the support and enthusiasm of Gp. Capt. P Kashiva and Gp. 

Capt. P Sen in taking active interest in the field trials of the developed product. Thanks are 

also due to Mr Sandip Hora, who provided few of the fabrics used in the present study. 

The author is appreciative of shri R Indushekhar, Mrs M S Subbulakshmi, Mrs S N 

Vijayalaksmi, Shri R G Revaiah, Mrs Deepa Prabhu and Shri Dhirendra Singh, Research 

Scholar, IIT Delhi for all the help and support. The author is also appreciative of the 

support provided by Shri P Perumal, Shri Daljit Singh, Shri P K Singh, Shri P Govindan for all 

the help and support. 

Finally, the author would like to express his sincere thanks to his wife, son for enduring all 

the hardships; his parents and his wife's parents for their patience and support during the 

pursuit of his education. 

Date : 	 T M Kotresh 



ABSTRACT 

This thesis is an attempt towards the comprehensive investigation of the protective 

clothing and seating assemblies used by the fighter pilot under high intensity heat utilizing 

cone calorimeter; to understand the role of various layers and their order in an assembly 

in delaying ignition, suppressing peak heat release rate and total heat release in offering 

protection and to identify a suitable clothing assembly that offers higher level of 

protection in the event of unforeseen fire. 

Despite the significant advances that have taken place over a period of time in the design 

of seats for the aviation sector, it is perplexing that the fighter aircrafts still utilise a 

flammable nylon fabric cover to enclose the highly flammable polyurethane (PU) foam. 

This work reports the comprehensive burning behaviour of the PU foam in combination 

with currently used nylon fabric cover and the flame retardant fabrics viz., Nomex, Nomex 

III and Basofil fabric, at wide ranging levels of heat flux in cone calorimeter. 

The effect of the flame retardant fabric cover was evident in the drastic reduction of the 

peak heat release rate (PHRR), the most important single parameter in any fire. A simple 

model was put-forward, based on the visual observations during the experimental runs, to 

explain the reduction in the ignition times for the foam-fabric combination vis-a-vis the 

foam alone. With the increasing levels of heat flux, the burning behaviour of the foam-

fabric combination changes from one-step decomposition at lower levels of heat flux to 

two-step decomposition at higher levels of heat flux. The noted behaviour was explained 

on the basis of the interaction between the foam and the fabric as noted from the 

morphology study of the underside of the fabrics. The coating of the foam was also 

observed physically on the underside of the fabrics. The noted coating offers the tortuous 



path for the escape of the vapours from the foam as corroborated from the permeability 

studies. 

The effect of permeability of the fabric on the burning behaviour of the foam-fabric was 

studied by using nylon and Nomex III fabric. Various levels of permeability were created 

by punching holes of 2 mm dia at fixed distance on the surface of the fabric exposed to 

radiant heat. While the varying permeability of the nylon fabric did not have any impact 

on the burning behaviour of the foam-fabric combination, the flame retardant fabric 

cover revealed interesting results. At low levels of permeability, the burning behaviour of 

the foam-fabric combination was governed by the fabric cover; and at higher levels of 

permeability, the burning behaviour was governed by the foam. The study revealed that 

the high levels of permeability are not desirable for a flame retardant cover. The effect of 

permeability of the fabric on the burning behaviour of the foam-fabric combination was 

investigated for the first time. 

Further, the study of effect of air permeability on the burning behaviour of the 

combination by using multiple layers of fabric over the foam revealed the reduction in the 

PHRR and the enhancement of the ignition time. Based on the results, it was felt that the 

permeability of the fabric should be considered in the burning behaviour of foam-fabric 

combination. 

In the background of the absence of reported investigations on the entire assembly of 

protective clothing used by the fighter pilot, a detailed investigation was carried out on 

the burning behaviour of the assembly in the present work. The work investigated the 

role of surface fabric, nature of bladder material, aluminium foil at various positions, 

aluminium paste coating and the intumescent coating mainly to understand the burning 



behaviour from the point of view of delayed ignition and the reduction of the heat release 

of the assembly. 

Burning behaviour of assemblies consisting of nylon surface fabric in combination with 

natural rubber bladder (NR), Neoprene coated nylon fabric (NCNF) and PU coated nylon 

fabric (PUNF) revealed that the assembly with the NCNF had considerable reduction of 

PHRR. NR, even in combination with Nomex surface fabric had high PHRR. Same trend was 

noted with the combination of Thinsulate material covered by Nomex fabric as the 

surface layer. The investigation revealed that the burning behaviour of the assembly is 

governed by the burning behaviour of the flammable material. Surface fabric, even if 

flame retardant, will not affect the burning behaviour in case the underlying material is 

flammable, as noted from the investigation. It is only when both the surface fabric and the 

underlying bladder material are flame retardant or heat stable that their combination is 

able to show a synergistic effect in bringing down the heat characteristics even below the 

indivdual values of the components. 

Burning behaviour of varying weights NCNF and NR in single and multiple layers was 

investigated. Unlike the multiple layers of NR exhibiting burning as a single entity, NCNF 

was found to exhibit delayed burning as revealed by the saw-tooth HRR curve. The 

presence of nylon fabric was found to delay the burning of layers, as noted by the TGA 

studies, leading to saw-tooth shaped curve. NCNF of higher weight was found to have low 

PHRR as compared to the lower weight NCNF consistently over a wide range of heat flux 

levels considered in the present study. 

Use of aluminium foil, as expected, was found be very effective in enhancing the ignition 

time of the assembly as the top layer mainly due to the high reflectivity as noted by the 



measured optical properties. However, on ignition the assembly burned as the control. 

The most interesting result was the reduction in the PHRR and the total heat release 

(THR), when the aluminium foil formed the last layer in the assembly. The noted 

behaviour was attributed to the heat-feed back mechanism to the assembly leading to 

higher mass loss rates leading to the escape of the vapours unburnt. Even in the thermal 

protection studies, aluminium foil as the last layer was found to offer higher protection. 

This finding is significant from the design of clothing for the pilot, as the aluminium foil 

could be effectively used as the bottom-most layer. 

Intumescent coated nylon fabric assembly was found to effectively block the passage of 

heat and lead to altered burning behaviour of the whole assembly leading to minimum 

heat release. However, the advantage of reduced heat release is offset by the enhanced 

weight penalty of the assembly. 

Based on the study, an Anti G suit suitable for fighetr plane pilots, using the Nomex fabric 

and NCNF bladder material was developed and was found to be acceptable in all the 

frontline fighter aircrafts of Indian Air Force. The combination is very unique and not 

available with any of the frontline Air Force units of the world. 

The present study is, probably, the first of its kind that investigated the assembly of 

fabrics and the seat assemblies meant for the pilots by using cone calorimeter to evaluate 

the flammability parameter of the assembly in terms of the delay in ignition time and the 

post-ignition characteristics in terms of heat release. The findings of the study yielded 

valuable inputs for the development of clothing assemblies and has demonstrated the 

utility of cone calorimeter as a tool for the evaluation of assemblies. 

iv 



Table of Contents 

Certificate 

Acknowledgements 

Abstract i 

Table of Contents v 

List of Figures xi 

List of Tables xxi 

Abbreviations xxiv 

Chapter 1 Introduction 1-40 
1.1 Protective clothing 1 
1.2 Threat of military fires 2 

1.2.1 Military fire hazards 2 
1.2.2 Typical clothing of a military pilot 4 
1.2.3 Requirements of thermal protective clothing 5 
1.2.4 Fibres/fabrics for thermal protective clothing 7 
1.2.5 Test methods 8 
1.2.6 Burning behaviour of multiple layers 10 

1.3 Typical cushion of a fighter pilot 15 
1.3.1 Review of the use of cone calorimeter 18 

1.4 Current status and motivation 27 
1.4.1 Testing of protective clothing of a fighter pilot 27 
1.4.2 Foam-fabric combination 28 

1.5 Objectives 30 
1.6 Organisation of the thesis 31 
1.7 Equipment 33 

1.7.1 Cone calorimeter 35 
1.8 Definitions of the terms used 37 

1.8.1 General definitions 40 

Chapter 2 	Burning behaviour of foam-fabric combination 	 41-136 
2.1 Introduction 	 41 
Part 2.1 Burning behaviour of PU foam 	 43 

2.1.1 Materials and Methods 	 43 
2.1.2 Results and discussion 	 44 

(a) Ignition time 	 44 
(b) Ignition behaviour of foam at heat flux of 10 kW/m2 	46 
(c) Effect of increased heat flux on ignition 	 48 
(d) Heat release 	 49 

u 



(e) Peak heat release rate 	 51 

2.1.3 summary 	 52 

Part 2.2 Burning behaviour of fabrics 	 53 

2.2.1 Materials and methods 	 54 

2.2.2 Results and discussion 	 55 

(a) Response of fabrics to radiant heat 	 55 

(b) Ignition time 	 59 

(c) Heat release 	 62 

(d) Carbon monoxide yield 	 65 

2.2.3 Summary 	 65 

Part 2.3 Burning behaviour of foam-fabric combination 67 

2.3.1 Materials and methods 67 

2.3.2 Results and discussion 68 

(a) Effect of change of fabric cover on ignition time 69 

(b) Effect of change of fabric cover on heat release 72 

(c) Two-step decomposition of foam 72 

(d) Two-step decomposition of foam-fabric combination 75 

(e) Role of Nomex and Nomex III fabric covers 77 

(f) Role of Basofil fabric cover 79 

(g) Cracking of the char formed from the fabric cover 80 

(h) Peak heat release rate 81 

(i) PHRR at zero incident heat flux 83 

(j) Average heat release rate 83 

(k) Total heat release 84 

(I) Flashover potential 85 

(m) Average mass loss rate 87 

(n) Index of combustion completeness 88 

2.3.3 Stability of char 88 

2.3.4 Summary 92 

2.3.5 Morphology of char 93 

(a) Foam- Nomex III fabric combination 94 

(b) Foam- Basofil fabric combination 96 

2.3.6 Summary 100 

2.3.7 Burning behaviour of foam-fabric combination with 

single and multiple layers 101 

2.3.8 Results and discussion 101 

(a) Ignition time 101 

(b) Heat release 105 

(c) Carbon di-oxide (CO2) and Carbon Monoxide (CO) yield 106 

2.3.9 Summary 	 108 

vi 



Part 2.4 Effect of air permeability of fabric cover 110 

2.4.1 Materials and methods 111 

2.4.2 Results and discussion 114 

(a) Response of foam and foam/nylon fabric combination 114 

(b) Ignition time 114 

(c) Heat release 119 

(d) Appearance of multiple peaks 123 

(e) Peak heat release rate 124 

(f) Average heat release rate 125 

(g) Total heat release 126 

(h) Flashover potential 128 

(i) Average mass loss rate 129 

(j) Carbon di-oxide (CO2) and Carbon monoxide (CO) yield 130 

2.4.3 Effect of air permeability of a thermally stable Nomex Ill 

fabric on the burning behaviour 130 

2.4.4 Results and discussion 131 

(a) Response of foam and foam-Nomex Ill fabric combination 131 

(b) Ignition time 133 

(b) Heat release 134 

2.4.5 Summary 136 

Chapter 3 	Burning behaviour of clothing assembly used by military pilots 137-204 

Introduction 137 

3.1 Experimental section 139 

3.1.1 Materials and Methods 139 

(a) Clothing of fighter pilot 139 

(b) Clothing of paratrooper 139 

(c) Natural rubber sheet 140 

(d) Neoprene coated nylon fabric 140 

3.1.2 Structure of assemblies 141 

(a) Thermal response study 141 

(b) Burning behaviour of individual materials 144 

(c) Burning behaviour of assemblies 144 

(d) Effect of weight of NCNF & NR on the burning behaviour 144 

(e) Effect of number of layers on the burning behaviour 144 

(f) Role of nylon fabric in NCNF 144 

3.1.3 Preparation of assembly 144 

(a) Clothing of fighter pilot 144 

(b) Clothing of paratrooper 145 

3.1.4 Methods 145 

(a) Response of clothing assembly on exposure to 

high heat flux 145 

(b) Individual materials 150 

(c) Burning behaviour 150 

vii 



(d) Effect of weight of NCNF & NR on the burning behaviour 150 

(e) TGA 150 

3.2 Results and discussion 150 

3.2.1 Thermal response without grid 150 

3.2.2 Thermal response with grid 153 

3.2.3 Thermal response with Nomex IIIA fabric 

as the top layer and without grid 155 

3.2.4 Thermal response with Nomex IIIA fabric 

as the top layer and with grid 158 

3.3 Burning behaviour of clothing assemblies on 

exposure to high heat flux 160 

3.3.1 Burning behaviour of individual materials of an assembly 160 

3.3.2 Burning behaviour of clothing assemblies 163 

Clothing of fighter pilot 163 

(a) Role of surface fabric 164 

(b) Role of bladder material 167 

(c) Combined effect of the assembly structure 168 

Clothing of paratrooper 170 

3.3.3 Effect of weight of NCNF on the burning behaviour 171 

(a) Ignition time 171 

(b) Heat release 174 

(c) PHRR at zero incident heat flux 176 

(d) Critical heat flux 177 

3.3.4 Effect of heat flux on the burning behaviour 

of NR assembly 179 

(a) Ignition time 179 

(b) heat release 181 

3.3.5 Burning behaviour of single and multiple 

layers of NCNF 182 
(a) Behaviour of NCNF, NR and NEO on exposure to 

Radiant heat 183 
(b) Ignition Time 184 
(c) Heat Release 186 
(d) Surface to volume ratio and burning behaviour 195 
(e) Non-thermal parameters 197 

3.3.6 Burning behaviour of NCNF and role of nylon fabric 198 
(a) Analysis of HRR curves 198 

3.3.7 Investigation of role of nylon fabric 199 
(a) Thermal stability (Thermogravimetric analysis) 199 
(b) Specific heat capacity 200 

3.4 Summary 203 

Chapter 4 	Role of surface layer on the burning behaviour of assembly used 
By military pilots 	 205-265 
4.1 Introduction 	 205 
4.2 Materials and Methods 	 207 

viii 



4.2.1 Coating of aluminium paste over base nylon and 
Nomex IIIA fabric 209 

4.2.2 Intumescent coating 211 
4.2.3 Measurement of optical properties 212 
4.2.4 Measurement of specific heat 213 
4.2.5 Preparation of assembly 213 
4.2.6 Exposure to heat flux 216 

4.3 Results and Discussion 216 
4.3.1 Burning behaviour of clothing assembly with aluminium foil 216 

(a) Ignition time 216 
(b) Burning behaviour and heat release 218 

4.3.2 Behaviour of NIIIA-NCNF350 assembly with aluminium foil 222 
(a) Ignition time 223 
(b) Burning behaviour and heat release 225 

4.3.3 Behaviour of NIIIA-NCNF540 assembly with aluminium foil 226 
(a) Ignition time 226 
(b) Burning behaviour and heat release 227 

4.4 Common observations 230 
(a) Cracks in foils 230 
(b) Normalised ignition times 230 
(c) Mechanism of heating of assembly with foil 231 

4.5 Role of aluminium paste 233 
4.5.1 Burning behaviour of nylon coated with aluminium paste 233 

(a) Ignition time 234 
(b) Heat release 236 

4.5.2 Burning behaviour of NR500 assembly 238 
(a) Ignition time 238 
(b) Heat release 239 

4.5.3 Burning behaviour of NCNF 350 in combination with 
aluminium paste coated Nomex IIIA fabric 
(NIIIA-NCNF350) 241 
(a) Ignition time 241 
(b) Heat release 244 

4.5.4 Burning behaviour of NCNF 540 in combination with 
aluminium paste coated Nomex IIIA fabric 
(NIIIA-NCNF540) 245 
(a) Ignition time 245 
(b) Heat release 247 

4.5.5 Burning behaviour of NIIIA-NR 500X4 248 
(a) Ignition time 249 
(b) Heat release 249 

4.6 Role of Intumescent finish 252 
4.6.1 Burning behaviour of individual materials 254 

(a) Thermal response 254 
(b) Ignition time 255 
(c) Burning behaviour 258 
(d) Thermal analysis of coated fabrics 259 

4.6.2 Burning behaviour of NR500 assembly 259 
(a) Ignition time 259 
(b) Heat release 260 

4.6.3 Burning behaviour of NCNF540 assembly 260 
(a) Ignition time 261 

ix 



(b) Heat release 	 261 
4.6.4 Burning behaviour of NCNF350 assembly 	 262 

(a) Ignition time 	 262 
(b) Heat release 	 263 

4.6.5 General observations 	 264 
4.7 Summary 	 264 

Chapter 5 	Thermal protection characteristics of clothing assemblies used by 
Military pilots 266-286 
5.1 Introduction 266 
5.2 Materials and Methods 267 

5.2.1 Preparation of assembly 267 
5.2.2 Thermal protective performance tester 268 
5.2.3 Exposure to heat intensity 270 

5.3 Results and discussion 271 
5.3.1 Effect of addition of layers 271 
5.3.2 Effect of enhanced weight of NCNF 272 
5.3.3 Effect of change of bladder material 273 
5.3.4 Role of aluminium foil in the TPP test 275 

(a) Aluminium foil as the top layer 276 
(b) Aluminium foil as the second layer 277 
(c) Aluminium foil as the third layer 278 
(d) Aluminium foil as the fourth layer 279 

5.3.5 Effect of fabric weight 280 
5.3.6 Effect of weight and thickness of assembly on TPP 281 
5.3.7 Role of aluminium foil 284 

5.4 Summary 286 

Chapter 6 	Development of a military product based on the studies and 
Its performance 287-294 
6.1 Introduction 287 
6.2 Review of materials used in Anti G suit 289 
6.3 Development of anti G suit 291 

(a) Design calculations 291 
(b) Fabrication of suit 293 

6.4 Flight trials of developed anti G suit 294 
6.5 Summary 294 

Chapter 7 Conclusions and scope for future work 295-303 
7.1 Foam-fabric combination 295 
7.2 Protective clothing used by fighter pilots 298 
7.3 Scope for future work 302 

References 304-318 
Publications 319 
Biography 320 

x 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14

