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ABSTRACT
Toxic gases and smoke when produced copiously by fire right in initial stage of its development, would lead to fast build up of hazardous conditions for occupants staying inside the compartment of fire origin or in its vicinity. Smoke is easily visible and detectable manually and / or by automatic smoke detection system before reaching dangerous limits. Use of automatic smoke detection and alarm system is wide spread. However, toxic gases when produced copiously during an early stage of fire inside confined space present problem for safety of occupant. Carbon-monoxide (CO) is particularly dangerous because its lethal fatal value (Cf) is as low as 4000 ppm and it is odourless. Occupants remain unaware of its presence. Similarly, increasing concentration of Carbon-dioxide (CO2) coupled with depleting oxygen concentration may produce untenability conditions very fast in confined spaces like sleeping compartments, basements with little openings, long tunnels, long underpasses etc. An automatic system that detects toxic gases and raises alarm, when these gases are present in excess of critical values, is of great help in such scenarios. However, use of automatic toxic gas sensing system is not so common. Work need to be done for development and utilization of such system. New building materials are being introduced in the market that are of non-cellulosic nature and produce high concentrations of toxic gases during burning. Studies on generation and dispersion of toxic gases produced by a variety of building materials while burning become important in this context and are of considerable interest for researchers working in the areas of fire science and materials development. 
An experimental study on generation and dispersion of CO/CO2 under flaming and smouldering (pyrolysis) fires was undertaken at Fire Research Laboratory of the Institute.  The paper reports the experimental results obtained on generation of these two gases vis-à-vis generation of smoke under flaming and smouldering modes of burning of teak wood sticks. Both types of fires were created in a compartment measuring 7 m (L) x 7 m (W) x 4.2 m (H) with closed door.  The gas concentration has been measured in ppm and smoke concentration has been measured in terms of optical density (OD) of the smoke. Peak values and build up rates of CO, CO2 and smoke in flaming and smoulding fires have been recorded. Differences between flaming mode and smouldering mode have been noted for generation of toxic species (CO&CO2) and smoke. It is concluded that though the amount of wood used in flaming mode is 11.6 times more than the amount burned in smouldering mode, still the peak values of Optical Density in smouldering fires are approximately 2.5 times the peak values in flaming fires. It means that, compared to the flaming mode of burning, smouldering mode generates more smoke out of a given mass. Conversion of fuel mass into particulate phase is more in smouldering mode. Generation of CO in smouldering and flaming modes is almost comparable initially but later on it increases in flaming fires.
INTRODUCTION
The effects of fires on victims are a combination of heat stress, exposure to toxic gases and / or vision obscuring smoke. In many cases, fatalities are attributed to the fact that occupants are unable to escape because they are incapacitated by rapidly developing asphyxiant gases /irritant and vision abscuring particulates. Smoke comprises of total effluents from a fire and consists of two parts: vapor phase and particulate phase. From toxicological standpoint, all of the asphyxiant fire products occur in the vapor phase, while irritant products may occur in both phases. The particulates phase consists of solid and liquid particles covering a wide range of particle sizes. These particles may contain condensed liquid or solid irritant products; or irritant products including gaseous ones may be dissolved in liquid particles (as in acid mists), or be absorbed on to the surface of solid, carbonaceous particles. Particle size and generation of toxicant depend, interalia, upon the fact whether the material is burning in flaming or smouldering mode. Generally speaking, in smoldering fires, the decomposition temperatures are relatively low (~400°С) and materials are decomposed to a mixture of pyrolysis and oxidation products containing mixtures of asphyxiant and irritant gases and particulates of sub-micronic size [1,2]. These particles are highly respirable. However, reports on the fire victims usually record smoke penetration well into the lung [3].  It has also been observed in various experimental studies that the generation of toxicant such as CO is more in smoldering fires due to incomplete oxidation [4]. CO is an important toxicant. So the smoke generated in smoldering fires is more dangerous, as it can be easily respired due to evolution of low size smoke particle and due to high yield of CO. Due to slow rate of evolution of smoke and slow rate of rise of room temperatures, a potential victim therefore has ample time to escape, but may be over come by fumes after a long period of time if unaware of the danger, particularly if asleep. The main danger here is al most certainly asphyxia by CO, with possibly a small contribution from low oxygen if the victim is in a room with a poor air supply. 
Particles size of smoke generated from flaming fires increases rapidly as it ages and the particles agglomerate which are not easily respirable. Flaming fire takes place in well-oxygenated environment and results in the high temperature. In the early stage of flaming fires, comparatively innocuous products such as CO2 and water are formed. The CO2 to CO ratios being high initially and then reduces with time as the oxygen concentration decreases toward 15 percent. The yields and relative rates of production of CO2, CO, and irritant smoke depend upon the rate and efficiency of combustion. So in flaming fires, the hazard relates to the early stages of fire growth. Such fires often grow quickly, but even the most rapidly growing flaming fires take approximately 3 min to reach levels of heat and gases hazardous to life, which should allow ample time to escape from a room, and of course most people do escape. 
Various experimental studies are available to show the ability of smoldering fires to build up concentrations of CO capable of causing incapacitation and death [5]. one such study has been carried out at NIST [6,7], where two armchair types made from a standard and a fire- retarded polyurethane foam with cotton covers (combustible mass 5.7 kg) were burned in a simulated small apartment (volume 101 m3) consisting of a burn room (11.8 m3), connected via a corridor 12m long to a target room (volume 12.08 m3) in flaming and smoldering mode. The study illustrated the dangers of smoldering conditions, which can continue for several hours and spread lethal products throughout a building, creating danger for the sleeping trapped, or otherwise incapacitated occupant. Since such fires often change to flaming before they are discovered, it is difficult to know the true incidence of incapacitation and death occurring during the non-flaming phase of fires. These dangers can be over come by the provision of early detection and warning systems, but the siting of sensing elements is important for effective operations.
Few researchers have studied the effect of mode of burning (i.e. smouldering or flaming) on the rate of development of optical density as well as on rate of generation of CO/ CO2 during incipient stage of fire growth which is of vital importance for detection and escape of the occupants. In this paper, one small scale experimental study has been reported wherein buildup rates of concentrations of CO/CO2 and smoke have been recorded simultaneously and attempts made to compare build of these three fire signatures in flaming and smouldering modes of fires. Wood sticks (arranged in cribs form) have been used for creating the flaming fires. Smoldering fires have been created by putting small sticks (arranged in star form) on hot plate.
Experimental Details
The experiments were carried out in a room of size 7 m (L) x 7 m (W) x 4.2 m (H) with door closed. For flaming as well as smouldering fires, teak wood sticks of same cross sectional area (but varying lengths) were used. For creating flaming fires,  20 mm x 20 mm x 250  mm teak wood sticks were arranged as a crib of five layers of six sticks each, except for the bottom layer. From the bottom layer, two central sticks were removed to insert a circular container of 50 mm dia x 5 mm height containing 5 ml of methylated sprit. The sprit was ignited by a match stick. For creating smouldering fires based on pyrolysis, 10 numbers of  sticks of size 20 mm x 20 mm x 60 mm were placed (in star form) over surface of a hot plate. Smouldering /pyrolysis began as the hot plate was heated up. 
During experiments, fire plume rose vertically upward to the ceiling and spread radially in all directions before hitting the walls and descending downward. Concentrations of CO and CO2 were measured in ppm and Optical Density (OD) of smoke was measured in dB/m. The values of all the three fire signatures were recorded with time.  The OD meter was placed at a distance of 3 m from fire axis on ceiling as described in IS: 11360 [8]. 
Table 1: Experimental Arrangements
	Experiment No.
	Mode of Burning
	Stick size  
	No of wood 

sticks
	Ignition source
	Duration of fire



	
	
	Width

(m)
	Thickness

(m)
	Length

(m)
	
	
	(sec)

	1
	Flaming
	0.02
	0.02
	0.25
	28
	5ml Methylated Spirit
	2081 

	2
	Flaming
	0.02
	0.02
	0.25
	28
	5ml Methylated Spirit
	2138

	3
	Flaming
	0.02
	0.02
	0.25
	28
	5ml Methylated Spirit
	2195

	4
	Smouldering
	0.02
	0.02
	0.06
	10
	Hot plate
	2340

	5
	Smouldering
	0.02
	0.02
	0.06
	10
	Hot plate
	2460

	6
	Smouldering
	0.02
	0.02
	0.06
	10
	Hot plate
	2565


Species concentrations (CO, CO2) were measured by respective gas analyzers placed near OD meter. Three experiments were carried out for each type of fire (i.e. flaming and smouldering). This has been done to ensure the repeatability of the experiments. Table 1 summarizes experimental arrangements for flaming and smoulding fires.
In this paper, data pertaining to all the experiments for each type of fire have been reported and discussed .it is to be noted that fuel mass in case of flaming fires is 11.6 times more than that of smouldering fires. 
Six experiments have been carried out with wood cribs as fuel to generate flaming and smouldering fires.  It is observed that in set of three experiments for either type of fire, duration of fire as well as results are fairly reproducible.

RESULTS
Data generated during the experimental studies have been reported in the form of the following graphical figures:
Figure 1.Variation of concentration of CO, CO2, and Optical Density with time –for flaming fires 

Figure 2. Variation of concentration of CO and Optical Density with time - For smouldering fires(generation of CO2 is insignificant).

Figure 3. Comparison of Optical Density of smoke in flaming and smouldering modes of fires. 

Figure 4. Comparison of CO concentration generated in flaming and smouldering fires.

DISCUSSION AND CONCLUSIONS
Figure 1 shows the data on CO, CO2 and optical density of the smoke produced due to flaming wood crib fires for all the three experiments. It can be observed that the CO concentration increases continuously during fire. In experiment 1, it reaches maximum upto 90 ppm at the end of the fire which last upto 34 min 41 s. Maximum CO2 concentration is observed 2400 ppm at 34min 41 s. The optical density is also increasing upto a value of 0.5453 dB/m during 26 min 50s and it becomes constant till the end of fire (i.e. variation in smoke density is almost negligible during this period from 26 min 50 s to 34 min 41 s).It is also noted that the CO2 generation is also stabilized from 28 min 20 s to the end of fire. It shows that the generation of smoke, CO and CO2 reached their peaks and fire achieved steady / predecay state during the period. 
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Figure 1 also shows the variation of species concentration and optical density of the smoke with time for experiment 2 and 3. In experiment 2, fire extinguished in 35 min 58 s. The value of maximum optical density is 0.5453 dB/m at 27 min 13 s and remains same till the end of fire. CO2 concentration reaches peak value in 28 min 34 s and remains constant for      
                                                                           remaining   period  of
       Figure 1. CO, CO2 and Optical            the            fire.    The   
   Density in flaming wood fire                concentration of CO    increases   continuously to 100 ppm   till    fire extinguishes. The wood cribs burns till 36 min 35 s in experiment 3. Similar to experiment 1 & 2, the CO concentration increased continuously to 115 ppm till the crib was burnt. Optical density of the smoke stabilized to 0.6499 dB/m at 29 min 56 s till the burning stops. 

[image: image7.jpg]CBRI

ORISiI 9701l STGRAEITGl JAeel, Sohl
CENTRAL BUILDING RESEARCH INSTITUTE, ROORKEE

(A Constituent Establishment of CSIR)





[image: image8.png]


[image: image9.jpg]CBRI

ORISiI 9701l STGRAEITGl JAeel, Sohl
CENTRAL BUILDING RESEARCH INSTITUTE, ROORKEE

(A Constituent Establishment of CSIR)




Generation of CO2 reaches peak value of 2200 ppm at 26 min 30 s.Figure 2 is plotted to show the variation of CO concentration and Optical Density for smouldering fires. The data of all the three experiments viz Experiment 4, 5 and 6 are plotted in this Figure 2. It can be observed that there is no plot for CO2 concentration in the figure. It is due to the fact that concentration of Figure 2. CO and Optical Density    CO2     produced     during
in smouldering wood fire                    smouldering fire is almost
insignificant.  
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Smouldering fire produces CO copiously due to lower temperature generated which results in slow rate of combustion reaction.  According to Zukoski [9] and Gottuk et al. [10] temperature of 850 K to 900 K or higher are needed for gases to be reactive. Below it, the gas mixture is unreactive and CO to CO2 reaction are said to be frozen out [11].
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As can be observed from Figure 2, CO concentration is continuously increasing till fire ends. The duration of smouldering fire for all 
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                          three experiments varies
Figure 3. Comparison of Optical         essentially from 39 min
Density in smouldering and flaming to 43 min and maximum
modes                                                     value of CO concentration
varies from 50 ppm to 60 ppm. The optical density increased beyond 1.5 dB/m.

Comparison of Flaming and Smouldering Modes
Figure 3 compares the variation in Optical Density of smoke and Figure 4 represents the comparison of CO Concentration generated in both the modes .The amount of wood used in flaming mode is 11.6 times more than the amount burned in smouldering mode. But peak values of Optical Density in smouldering fires are approximately 2.5 times as compared to the peak values in flaming fires. It means that, compared to the flaming mode of burning, smouldering mode generates more smoke out of a given mass. Conversion of fuel mass into particulate phase is more in smouldering mode. Generation of CO in smouldering and flaming modes is almost comparable initially but later on it increases in flaming fires. It may be due to the fact that in flaming fires, more fuel mass is involved and heat release rate(HRR) is more generation of CO and smoke simultaneously is more pronounced in smouldering mode leading to early onset of untenability conditions in the compartment of fire origin and in its vicinity.
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Figure 4.  Comparison of CO concentration in smouldering and flaming modes

ACKNOWLEDGEMENT
Authors are thankful to the Director, CSIR-Central Building Research Institute, Roorkee for his support and encouragement for this work and permission to present it in the conference.

REFERENCES
1. D.A. Purser and W.D. Wolley, J. Fire Sci. 1, p 118 (1983).
2. W.D.Wolley and P.J. Fardell. Fire Safety Journal, 5, p.29 (1982).
3. R.A. Anderson, A.A. Watson, and W.A. Harland, Med. Sci. Law, 21,p.175 (1983)
4. David A. Purser in The SPFE Handbook of Fire Protection Engineering, 3rd Edition, NFPA, Quincy, MA  Chapter 2-6,  pp.2-83 -2-171 (2002).
5. J.G. Quintiere, M.M. Birky, F. Macdonald, and B. Smith, Fire Matls, 6, p. 99 (1982)
6. D.A. Purser in Proceedings of Interfalam ’93, Interscience Communications, London (1993)
7. D.A. Purser, “ The  Development of Toxic Hazard in Fires from Polyurethane Foams and the Effect of Fire Retardants,” in Proceedings of Flame Retardants 90 (British Plastics, ed.), Elsevier, London, pp. 206-221(1990).
8. IS:11360.

9.  E.E. Zukoski, S.J. Toner, J.H. Morehart, and T.Kubota, Fire Safety Science – Proceedings of the Second International Symposium, Hemisphere, Washington, DC, pp. 295-304 (1989)

10. D.T.Gottuk, R.J. Roby, and C.L. Beyler, “The Role of Temperature on Carbon Monoxide Production in Compartment Fires,” Fire Safety Journal, 24, pp. 315-331 (1995)

11. W.M. Pitts, 24th Symposium (International) on Combustion, Combustion Institute, Pittsburgh, PA (1992)
[image: image3.png]



Time, s





CO, CO2 Concentration, ppm








�





CO, CO2 Concentration, ppm








Optical Density, dB/m











CO  Concentration, ppm





Time, s





Optical Density, dB/m











Optical Density, dB/m





Time, s








[image: image8.png] Fire Research Laboratory, CSIR-Central Building Research Institute, Roorkee (UK) INDIA 
 [image: image9.jpg]    96
[image: image4.png] Fire Research Laboratory, CSIR-Central Building Research Institute, Roorkee (UK) INDIA 
 [image: image5.jpg]    100
[image: image6.png] Fire Research Laboratory, CSIR-Central Building Research Institute, Roorkee (UK) INDIA 
 [image: image7.jpg]    101

