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SUMMARY 

Ignitable pyrolyzing materials, both thermally thin 

and thermally thick, when exposed to a heating source generate 

pyrolysate gases. These gases enter the boundary layer and 

mix with air. It has been observed experimentally that the 

first ignition of a pyrolyzing material is the ignition of 

pyrolysate-air mixtures in the heated boundary layer. 

In the analysis of the ignition of pyrolyzing 

materials, therefore, certain models use an ignition criterion 

which incorporates the concentration dependent self- ignition 

temperature of the pyrolysate-air mixtures. The objective 

of this investigation is the determination of the ignition 

characteristics of these pyrolysate-air mixtures, and 

specifically to establish the effect of the heating rate of 

the pyrolyzing material on the self-ignition temperature of 

the pyrolysate-air mixtures. In the main, this thesis is 

concerned with the pyrolysates given off by cellulosic, 

thermoplastic, and blended materials, in the form of fabrics. 

A device known as the Lower Ignition Temperature and 

Concentration Apparatus (LITACA), designed and constructed 

earlier, was modified and used in the determination of the 

self-ignition temperatures of pyrolysate-air mixtures as a 

function of pyrolysate concentration. The original form of 

LITACA incorporated a resistance heater pyrolysate generating 



furnace which could only provide heating rates of 20 C/min. 

This furnace was replaced by a radiant heater furnace which 

can produce heating rates of up to 6000 C/min. These higher 

heating rates are much more representative of heating rates 

found in laboratory ignition tests on materials and in actual 

fires. 

The ignition characteristics of pyrolysate gases 

generated from several fabrics were determined at heating 

rates from 20 to 6000 C/min. These fabrics included two 100% 

polyesters, a 1001 cotton, a 65/35% polyester-rayon blends, 

and a flame retardant 100% cotton fabric. The ignition 

characteristics of pyrolysates from Douglas fir were also 

determined. The pyrolysates from these materials showed 

certain common characteristics. As heating rate increased, 

the minimum self-ignition temperature decreased, the 

molecular weight of the pyrolysate gases decreased, and the 

rich limit of ignition decreased. The lean limit of ignition 

was affected much less than the rich limit. The shapes of 

the self- ignition curves also altered with increasing 

heating rate. The two cotton fabrics were compared to 

determine the effect of a flame retardant on the ignition 

characteristics of the pyrolysate gases. This comparison 

showed a decrease of the ignition temperature of the treated 

fabric at the high heating rates. 

This work was supported by National Science Foundation 

Grant No. AEN72-03359 A04. 



INTRODUCTION AND OBJECTIVES 

1.1. Introduction 

Fire is a useful servant to mankind. Yet, this 

servant can, by accident or by design, turn into a dangerous 

and destructive enemy. Fire is at its most terrifying when 

the ordinary objects about us begin to burn. 

The Fire Hazard and Combustion Research Laboratory of 

the School of Mechanical Engineering at the Georgia Institute 

of Technology has, since 1970, been investigating the nature 

of the ignition process in, and the thermophysical properties 

of, fabrics and building materials. This research is aimed 

at a better understanding of the ignition process in hopes of 

reducing the hazard uncontrolled fires represent to life and 

property. 

1.2. Relevance of Research 

1.2.1. Losses from Fires 

In 1973, the National Commission on Fire Prevention 

and Control released its report, America Burning [1]. The 

Commission reported that the annual toll of American lives 

and property taken by fire each year is the highest of any of 

the industrialized nations. The American death rate of 57.1 

deaths per million citizens is nearly twice that of second 
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ranked Canada at 29.7 deaths per million. The annual 

economic loss to the nation is at least $11.4 billion. 

1.2.2. Possible Benefits from Better Understanding of 

Ignition Processes 

The Commission also noted an appalling lack of scien­

tific data on the basic characteristics of fires and 

recommended increased research into the nature of fire and 

the technology of fire fighting. The Congress, in 1967, 

amended the Flammable Fabrics Act to extend the activities 

of the Federal Government in the area of fire hazards from 

fabrics. The Congress also passed the Fire Research and 

Safety Act of 1968 to increase research into the nature and 

causes of fires and to provide for research in the area of 

fire prevention and control. As a result of this legislation, 

first-generation standards for children's slcepwear, carpets 

and mattresses have been established. 

In 1970, Myron Tribus pointed out in a paper presented 

to the American Society of Quality Control [2] that decision 

analysis could be applied to fabric flammability. This 

analysis separates the fire hazard of any given material into 

definite probabilities. 

First, for a given use, what is the probability that 

a material will be exposed to an ignition source? Second, 

for a given exposure, what is the probability that the 

material will ignite? Third, given ignition, what is the 

probability that the flame will propagate? Finally, what is 
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the likelihood of injury and/or property damage if the flame 

cannot be extinguished? 

These events can be expressed as probabilities, and 

the product of these probabilities is the probability of 

injury given a particular use. That is to say, if P(E/U) is 

the probability of exposure given use, if P(I/E) is the 

probability of ignition given exposure, and P(B/I) is the 

probability of burn injury given ignition, then 

P(B/U) = P(B/I)-PCI/E)-P(E/U) (1.1) 

where P(B/U) is the probability of burn injury given use [2], 

The probability of exposure given use can be reduced 

by proper design of equipment and products, the following of 

safety precautions and by consumer education. The probability 

of burn injury given ignition can be alleviated by proper 

education of the public in fire safety. The probability of 

ignition given exposure can be reduced by decreasing the 

severity of exposures and by improved materials which ignite 

less easily. 

It is on this probability of ignition given exposure 

that the Fire Hazard and Combustion Research Laboratory has 

concentrated [3-7]. Since on the average, 300 destructive 

fires ravage the nation each hour, every hour more than 

$300,000 will have been lost, along with one life and 34 

injuries. The stopping of only a small fraction of these 



fires by the reduction of the probability of their ignition 

is of great value to the nation [1]. 

1.3. Purnose of Research 
.i-

Pyrolysis is the process of chemical decomposition of 

a material when it is heated. It has been observed experi­

mentally that, for both cellulosic and thermoplastic materials, 

the first ignition of such materials is the ignition of hot 

pyrolysate gases in the boundary layer near the exposed 

surface of the material [6]. This leads to the definition 

of boundary layer ignition criteria. In particular, we are 

interested here in one proposed by Wulff [5,8], which states 

that the first ignition of a pyrolyzing solid occurs in the 

boundary layer when, at some point in the boundary layer, 

the concentration and temperature of the pyrolysate gases 

reach the minimum self-ignition temperature for the gases at 

that concentration. 

It can be seen that the determination of the concentra­

tion dependent self-ignition temperatures for pyrolysate 

gases from various pyrolyzing materials becomes essential for 

any analytical modeling of the ignition of pyrolyzing 

materials. It is for this purpose that the Lower Ignition 

Temperature and Concentration Apparatus (LITACA) has been 

constructed, used and modified at the Fire Hazard and 

Combustion Research Laboratory [5,6,9,10]. 

In particular, this thesis considers the effect of the 



heating rate of the pyrolyzing materials on the self- ignition 

characteristics of the pyrolysate gases. To do this, LITACA 

has been modified, primarily by the addition of a new 

radiant furnace, to give higher heating rates and a broader 

range of heating rates. Heating rates up to several thousand 

degrees Celsius per minute (C/min) are now possible, as 

opposed to tens of C/min previously. 

1.4. Overview 

The following chapters will present the equipment 

used to determine the ignition characteristics of pyrolysate-

air mixtures, the modifications made to that equipment, the 

procedures used with the equipment, the methods of analysis 

used in interpreting the results, and the results themselves. 

In addition, Chapter II presents a short summary of information 

on the pyrolysis process and its relation to the ignition 

process . 



CHAPTER II 

PYROLYSIS AND IGNITION PROCESSES 

2.1. Ignition Criteria 

2.1.1. Introduction 

Many different ignition criteria have been proposed 

in the past to account for the phenomena of ignition. 

Eleven of the more common ones are given by Annamalai and 

Durbetaki [11]. These criteria include: inert heating to a 

predetermined temperature, conditions on the rate of heat 

release at the point of interest, conditions on the rate of 

chemical reaction at the point of interest, and conditions 

on the temperature gradient at the point of interest. 

These criteria all attempt to define a point in time 

and/or space where ignition has occurred. The number of 

different approaches to this phenomenon of ignition indicates 

the complexity of the event. 

2.1.2. Boundary Layer Ignition 

Experimentally, it has been observed that, for pyrolyzing 

materials such as wood or fabrics, the first ignition occurs 

in the boundary layer, where pyrolysate gases mix with air 

and are heated by the ignition source [6]. 

This observation has led to the definition of several 

ignition criteria concerning the ignition of pyrolyzing 
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materials in the boundary layer. These criteria include: 

evolution rate of pyrolysate gases, reaction rate in the 

boundary layer, rate of change of the pyrolysate mass 

fraction in the boundary layer, and the achieving of the 

concentration dependent self-ignition temperature at some 

point in the boundary layer [11]. The last of these, 

proposed by Wulff [5,8], states that when, at any point in 

the boundary layer with a pyrolysate mass fraction Yp, the 

temperature at that point equals or exceeds the concentration 

dependent self- ignition temperature for that pyrolysate mass 

fraction, the pyrolysate gases will ignite. 

In any kind of modeling analysis making use of this 

ignition criterion, it is, therefore, necessary to know the 

concentration dependent self-ignition temperature of the 

pyrolysate gases, TT (Y-p) . This self - ignition characteristic 

may be experimentally determined. To determine this function, 

it is necessary to first pyrolyzc a sample of the material 

being investigated, collect the pyrolysate gases, mix them 

with air in a controlled manner, and ignite them in such a 

way that the self-ignition temperature can be determined. 

2.2. Pyrolysis as a Function of Heating Rate 

Virtually all natural and synthetic fabrics are 

polymeric in structure. The pyrolysis of such polymeric 

materials is a complicated set of competing and interacting 

reactions, each of which is temperature dependent. The 
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pyrolysis of such materials is, therefore, dependent on the 

rate at which the material is heated [12]. Common cellulosic 

materials such as wood or cotton fiber have complex decompo­

sition mechanisms which produce different products at different 

temperatures and at different heating rates [13-15], 

It is therefore necessary to investigate the ignition 

of pyrolysate gases as a function of the heating rate of the 

pyrolyzing materials, since the products produced at low 

heating rates may not be the same as the products produced 

at higher heating rates. This change in products as a function 

of heating rate is expected to affect the ignition time and 

temperature of the pyrolyzing material under investigation. 

As has already been noted, the ignition of the gases 

in the boundary layer is self-ignition, where the increasing 

temperature of the gases themselves is the ignition source. 

This is as opposed to pilot ignition, where an external 

ignition source, such as a spark or a pilot flame, ignites 

the pyrolysate-air mixture. In subsequent chapters, the term 

"ignition" will be understood to mean "self- ignition," 

unless otherwise specified. 



CHAPTER III 

ORIGINAL EQUIPMENT AND ITS LIMITATIONS 

As originally designed by Williams [9] and modified 

by Ryszytiwskyj [10], the Lower Ignition Temperature and 

Concentration Apparatus (LITACA) (see Figures 1 and 2) was 

required to perform seven major tasks: These were: 

(1) thermally decompose pyrolyzing materials, 

(2) store the pyrolysates, 

(3) mix the pyrolysates with dry air at controlled 

mas'; fractions, 

(4) heat the mixture until ignition occurred, 

(5) measure the minimum self-ignition temperature to 

within ±5 C, 

(6) afford pyrolysate sampling for molecular weight 

measurement, and 

(7) transport the pyrolysates without permitting the 

condensation of the water vapor in the apparatus 

To accomplish these tasks the following subsystems 

were required. These were: 

(1) a resistance heater furnace to heat samples for 

pyrolys is 

(2) a piston-and-cylinder accumulator to collect 

and later deliver at the proper pressure, the 



Figure 1. LITACA Before Modification 
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pyrolysate gases evolved in the furnace, 

(3) an air supply and flowmeters, to meter the fuel 

and air, 

(4) a reaction cell, to heat the mixture of pyrolysate 

and air to its self- ignition temperature, 

(5) a thermocouple array to measure the temperature 

inside the reaction cell, 

(6) ignition detection instrumentation to detect 

the ignition of the mixture using the output 

from the thermocouple array, 

(7) controls for all of the electrical equipment, 

including the reaction cell heaters , the furnace 

heaters and the necessary guard heating to keep 

water vapor from condensing, and 

(8) other instrumentation, including a manometer to 

measure furnace pressure, and equipment to measure 

the molecular weight of the pyrolysate gases. 

The following sections present a brief description of 

the components of LITACA. They also note, in several 

instances, the limitations which caused modifications to be 

made. Description in greater detail is available in 

References [9 ,10] . 

3.1. Resistance Heater Furnace 

The pyrolysate generating furnace for LITACA consists 

of two cylindrical, half-shell electrical resistance heaters. 
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These are Model RH256 heaters, rated at 1720 watts at 230 

volts. These heaters are wired in parallel, and connected 

to two, 20 amp, 115 volt variable autotransformers, wired in 

series to provide voltage control. The maximum operating 

temperature of this furnace is 1200 C. The furnace is located 

inside the main cabinet of LITACA, at the base. 

The heating rate of the furnace was measured and the 

data curve-fitted, yielding the following equation for the 

heating rate as a function of autotransformer setting between 

40 and 85% settings [10]. 

Furnace Heating Rate = (0.005){% Setting)1,9 C/min (3.1) 

The furnace is supported on transite and asbestos 

supports in a 61.6 cm high, 30.8 cm diameter cylindrical 

aluminum housing. The test tubes used to hold the samples 

of pyrolyzing materials are lowered vertically into the central 

cavity between the half-shell heaters. These test tubes are 

52.1 cm long, 2.54 cm I.D. cylindrical test tubes of "Vitreosil" 

fused quartz, made by the Thermal American Fused Quartz 

Company of Montville, N.J. The bottom of the test tubes are 

closed, and the top has a conical taper to fit a cast iron 

flange. The open top of the tube has a circular groove to 

fit a flat circular teflon gasket which seals against the 

smooth base of the accumulator. The pyrolysate gases enter 

the accumulator through a hole in its base, which is 
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surrounded by the teflon gasket, providing a seal. Test 

tubes of Pyrex were also used for some experiments, but 

proved unsatisfactory at high temperatures. 

The furnace provided temperatures on the order of 

400-600 C, but could only provide heating rates of about 

20 C/min. This proved unsatisfactory, since the samples 

spent much time at low temperatures. These low heating 

rates were unrealistic when compared to laboratory and real-

life situations, where heating rates on the order of hundreds 

and thousands of degrees Celsius per minute occur. 

3.2. Accumulator 

The accumulator serves to accumulate the pyrolysate 

gases as they are given off from a sample, and to pressurize 

these gases so that they will flow through the pyrolysate 

flowmeter in order to mix them with air. The accumulator 

also serves as a manifold to connect all of the various 

auxiliary systems of LITACA. It rests on the top of the 

furnace housing. 

The accumulator is a hollow cylinder of 6061-T-6 

aluminum 33.7 cm high, and 11.4 cm O.D. with 0.64 cm thick 

walls. A floating piston is positioned in the cylinder by 

two 10.16 cm 0 rings in two grooves 7.90 cm apart, machined 

around the circumference of the piston at its top and 

bottom. 

The cylinder is capped on each end by 304 stainless 
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steel flanges. The top flange has an inlet port for 

nitrogen pressurization or atmospheric venting. The bottom 

flange has a central hole through which the pyrolysate gases 

enter from the furnace below. It also has ports around its 

circumference connecting to this hole. These ports connect 

to the vacuum pump, manometer, nitrogen flush system vent 

tubing, molecular weight sampling tube, and the pyrolysate 

flowmeter. 

The two flanges are held tight against the cylinder by 

six stainless steel rods threaded at each end. The rods are 

threaded into holes in the bottom flange and secured at the 

top flange by nuts. 

The cylinder is sealed at the bottom by a silicone 0 

ring which fits into a groove machined into the base of the 

cylinder. The 0 ring rests against the flat surface of the 

bottom flange. The top of the cylinder is sealed by a flat 

teflon gasket between the flat top rim of the cylinder and 

the flat face of the flange. Both of these gaskets are 

liberally coated with Apezion Type II Vacuum Grease to insure 

a seal and to avoid contamination of the pyrolysate gases. 

The cylinder 0 rings are lubricated with Dow Corning High 

Vacuum Grease, a silicone grease, to provide a proper seal 

and to insure free movement of the piston. 

3.3. Flowmeters 

The air and pyrolysate gases are metered through two 
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Brooks Instrument flowmeters (see Figure 3) before entering 

a mixing chamber at the bottom of the reaction cell. The air 

is metered through an R-2-15-D flow tube with glass and 

stainless steel floats. The stainless steel float has a 
3 

maximum capacity of 830 std. cm /s of air, and the glass 
3 

375 std. cm /s of air. 

The pyrolysate gases are metered through an R-2-15-AAA 

flow tube with glass and stainless steel floats of 49 and 147 
3 

std. cm /s of air capacity, respectively. The flow tube is 

wrapped with a guard heater in order to eliminate pyrolysate 

condensation on the tube walls which could cause the floats 

to stick. 

Both flow rates are controlled by needle valves and 

the pyrolysate flow line has a shutoff valve downstream of 

the flowmeter. Pressure in the flowmeters has been measured 

and atmospheric pressure is therefore assumed in all 

calculations. The temperatures of the air and pyrolysates 

are measured by iron-constantan thermocouples at the 

entrances to the flowmeters. 

Air is supplied from building air through a filter, 

a chemical dessicator, and a regulator. 

3.4. Reaction Cell 

The reaction cell (see Figure 4) serves to mix the 

air and pyrolysate gases, preheat them and then heat them 

to their self- ignition temperature. The ignition sensing 



Figure 3. Flowmeters and Control Panel 
Showing Location Below 
Reaction Cell 



Figure 4. React ion Cel l 



thermocouples used to detect ignition extend down the center 

of a quartz flow tube which is surrounded by heaters used to 

heat the gases. The entire assembly is 42.5 cm tall. 

The cell has an aluminum cylinder housing containing 

four electrical resistance heaters. It is positioned midway 

up the main cabinet of LITACA on an aluminum supporting shelf. 

The flowmeters are located on a cabinet panel below the 

reaction cell shelf and lead into the cell through the bottom 

of the shelf into a conical mixing chamber filled with glass 

beads. The mixing chamber serves two purposes. First, it 

insures that the air and pyrolysates are well mixed when they 

enter the heated portion of the reaction cell. Second, it 

serves as a flame arrester to eliminate any propogation of 

the flame upstream of the ignition tube. 

The reaction cell has a guard heater on each end, the 

upper guard heater and the lower guard heater. Gases flow 

through a hole in the center of the lower guard heater into 

the mixing chamber. From the top of the mixing chamber, the 

gases enter a quartz ignition tube where the final heating 

for ignition takes place. Flow through this tube is 

relatively slow, on the order of 15 cm/s for one of the highest 

flow rates used in the tests, as compared to the flame speed 

of CO of 42.88 cm/s [16]. Ignition delay, while difficult 

to calculate, should cause no more than a 20 C error in TT 

because of the placement of the thermocouples, and only at 

the rich and lean limits of ignition. Around the base of the 



quartz tube is a preheater, called the preignition heater. 

Around the top of the quartz tube is the ignition heater, 

made from two 515 watt, 115 volt cylindrical half-shell 

heaters, Model RH221, from the Thermal American Corporation, 

Huntsville, AL, wired in parallel. At the very top of the 

reaction cell, is an insulation cap. Imbedded in this cap is 

the upper guard heater. 

The quartz ignition tube is made of a 10 mm I.D. 

tube 128 mm long. The tube has a Kovar seal at the base which 

fits a Swagelok fitting at the top of the mixing chamber. 

Inside the tube at the very top is a bundle of 7, 3 mm O.D. 

quartz tubes 30 mm long. These tubes serve to guide the 

ignition sensing thermocouples into their proper place. At 

the base of the tube are two tungsten pins. These pins were 

a part of an earlier ignition detection system and are no 

longer used. 

5.5. Thermocouple Array 

The ignition detecting thermocouples measure the 

temperature of the reaction cell down the centerline of the 

quartz ignition tube. The thermocouples are chromel-alumel 

with beads very near the same diameter as the wire, 0.254 mm. 

There are four thermocouples in the array. The topmost 

thermocouple is placed 3.5 cm below the top of the reaction 

cell, so that the junction is just below the entrance to the 

small tube bundle in the top of the ignition tube. The next 
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thermocouple is positioned 2.0 cm below the topmost, or 5.5 

cm below the top of the reaction cell. This thermocouple 

is near the point of maximum temperature in the ignition 

tube, and is the one which most often detects ignition. The 

third thermocouple is 4.0 cm below the topmost thermocouple 

or 7.5 cm from the top of the reaction cell. This thermocouple 

is directly below the point of maximum temperature and is 

therefore the next most sensitive to ignition, since the 

flames tend to propagate downward. The bottommost of the 

four thermocouples is 12 cm below the top of the reaction 

cell. This thermocouple detects ignition only after flames 

have propagated down the ignition tube and is therefore not 

particularly useful. 

The thermocouple lead wires are encased in ceramic 

insulating tubes of appropriate length and inserted through 

holes in the insulating cap of the upper guard heater. The 

thermocouple wires are guided and kept separated by the tube 

bundle at the top of the ignition tube. 

Because of their small diameter, the ignition detecting 

thermocouples have excellent response characteristics, but 

the small diameter also makes them subject to corrosion which 

necessitates periodic replacement, about every six months, 

in the past. 

The thermocouples are connected to electronic equipment 

which condition and record their signals, including signals 

indicating ignition. 



3.6. Ignition Detection Equipment 

The ignition detection equipment (see Figure 1), as 

originally designed, had extreme difficulty in detecting the 

ignition of pyrolysate air mixtures because of the extremely 

low heating value of the pyrolysates. The equipment was 

being asked to discriminate a fraction of a millivolt out of 

50 mv. This problem led to the use of a more sensitive 

ignition detection scheme, whereby, instead of a signal of 

25 to 30 millivolts, the ignition detection equipment was 

required to handle only one millivolt. 

This was accomplished in two different ways. In the 

first case, Hewlett-Packard 3420-B Differentia] Voltmeter 

was used to subtract an integral number of millivolts from 

the signal from the thermocouples. (The thermocouples were 

referenced to ice points.) This resulted in the requirement 

of detecting a fraction of one millivolt out of one millivolt, 

a much more reasonable task. The signal, its integral part 

subtracted, was amplified by the voltmeter 100 times and 

recorded by a Hewlett-Packard 7100-BM Strip Chart Recorder. 

Tor example, if the thermocouple EMF from the ice point was 

27.15 millivolts, the differential voltmeter would be set to 

subtract 27 millivolts from the signal leaving a signal of 

15 millivolts, which would then be amplified to 15 millivolts, 

and displayed and recorded on the strip chart recorder. When 

ignition occurred, producing a voltage rise of perhaps only 

.1 millivolts, instead of having to distinguish and record a 
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signal of .1 millivolt out of 27.15 millivolts, the recorder 

would show 15 millivolts rise to 25 millivolts, a much surer 

indication. 

This effect was also obtained in a second manner using 

digital equipment consisting of an HP34703-A DCV/DCA/OHM 

Meter, an IIP 34750-A 5-Digit Display Unit, an HP 34721-B 

BCD Module and an HP581-A D/A Converter. These were used to 

truncate a digital signal and display only the fractional 

part, which was then converted back to an analog signal and 

sent to the strip chart recorder. 

The results of both systems were the same, the ignition 

appeared as a fraction of a millivolt change in a one milli­

volt signal, instead of a fraction of a millivolt change in 

a signal of tens of millivolts. The actual ignition point 

was determined graphically from the strip chart recordings 

[see Sect ion 6.3). 

Two differential amplifiers and one of the digital 

systems were available. These were hooked to the upper three 

thermocouples, Two, two-channel strip chart recorders were 

available. Three of the channels were used for the ignition 

detectors, the fourth displayed the temperature of the lowest 

thermocouple. 

3.7. Guard Heating 

The guard heating serves to keep the various parts of 

LITACA which come in contact with the pyrolysates at 



2 4 

temperatures between 100 and 120 C in order to avoid water 

condensation. These electrical resistance heaters are made 

of chromel-alume1 thermocouple wire and connected to 110-

volt power supplies. They are wrapped about all tubing 

which contains pyrolysates and about the cylinder of the 

accumulator. Monitoring thermocouples at various points 

serve as a means to keep the temperature at the proper 

level. 

3.8. Other Instrumentation 

Temperatures throughout the system were measured by 

thermocouples referenced to ice points. These thermocouples 

were connected to two thermocouple switches, one for chromel-

alume], one for iron-constantan. These switches allowed the 

simultaneous display of the voltage of one thermocouple 

of each kind on two strip chart recorders. The chromel-

alumel thermocouples were displayed on a Hewlett-Packard 

680 strip chart recorder. The iron-constantan were displayed 

on an L^N Speedomax W recorder. The thermocouples monitored 

such data as tubing temperature, temperature of the air and 

pyrolysate flow to the flowmeters, furnace temperature and 

several temperatures inside the reaction cell heaters. 

Pressure of the system was originally measured with 

a 50 psi Bourdon gage. It was later replaced with a mercury 

manometer capable of measuring pressures of up to 50 in Hg. 

Average molecular weights of samples of the pyrolysate 
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gases were determined by weighing samples taken in glass 

balloons of known volume. The balloons were evacuated, 

weighed, a sample was taken, then the balloons were placed 

in an oven to reach a known temperature. The glass balloons 

were from Fisher Scientific and the oven was a Fisher Isotemp 

Oven. The balloons' stop-cock valves were then opened to the 

atmosphere to allow pressure to equalize. The balloons were 

then weighed on a Mettler H balance to find the density of 

the gas. Knowing the pressure, temperature and density of 

the gas, the molecular weight could be determined. (See 

Section 6.1.) The equipment is illustrated in Figure 5, 

Power to the various heaters was controlled by 

autotransformers. The furnace was controlled by two 115 

volt, 20 amp autotransformers in series. The guard heating 

for the tubing, the accumulator and the upper guard heater of 

the reaction cell were controlled by separate autotransformers 

The ignition heater also had a separate autotransformer to 

control its heating rate. The reaction cell lower guard 

heater and preignition heater were controlled in parallel by 

a single control. 

3.9. Other Problems 

In addition to the problem of low furnace heating 

rates, other problems were encountered. 

The many joints and fittings inside the main cabinet 

were continually developing new leaks. From time to time, 
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fittings would wear out and have to be replaced. The problem 

was aggravated by cramped conditions inside the cabinet, due 

to the many wires and power controls inside the cabinet. 

These wires and controls, while necessary for the guard 

heaters, power controls for the furnace and ignition heaters, 

and thermocouple leads, produced difficult working conditions, 

shock hazards and noisy thermocouple outputs. 

Some instrumentation and some of the power controls 

were in a separate cabinet, and some were scattered on the 

top and the bottom shelf of a roll-away table. This caused 

a tangle of AC and thermocouple wires which interfered with 

the smooth operation of the equipment. The ice point dewar, 

which required filling each time it was used, presented a 

mass of wires which were in danger of being jerked loose and 

was exposed on the floor where it could be kicked about. 

These problems were all solved or alleviated by the 

extensive modifications carried out on L1TACA. These modifi­

cations also produced a serendipitous increase in the accuracy 

of the experimental results. 



CHAPTER IV 

EQUIPMENT MODIFICATIONS 

4.1. Introduction 

In an actual fire situation, temperatures can rise 

hundreds of degrees C in seconds. The previous work done 

with LITACA used a furnace which had a heating rate of 2 0 

to 25 C/min, while ignition time measurements done at the 

Fire Hazard and Combustion Research Laboratory had had 

heating rates of thousands of C/min. This raised considerable 

doubt as to the applicability of the pyrolysate ignition data 

accumulated. It was therefore decided to replace the old 

resistance heater furnace with a radiant furnace which would 

better match the heating rates found in the laboratory, and 

in real fires (see Figures 6, 7 and 8). 

4.2. Radiant Furnace and Support Equipment 

4.2.1. Furnace 

Previous radiant heaters used in the Fire Hazard and 

Combustion Research Laboratory had come from Research, Inc., 

of Minneapolis, Minn. Because of this, the original plan 

was to use several similar radiant heaters arranged around 

the sample test tube. Further investigation into the 

Research, Inc. product line revealed a line of elliptical 

reflector radiant heating chambers primarily intended for use 



Figure 6. New Radiant Heater Furnace Showing Support Frame, 
Cooling Air and Water Tubing, and Flexible 
Bellows Coupling 
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LITACA FLOW SCHEMATIC 
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Figure 8. LITACA Flow Schematic After Modification 
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in metallurgy and chemical processing. 

These furnaces, model E4-XX (see Figure 6) came in 

various lengths and power levels. A model E4-10-W-A with 

four 1000 watt infrared heating elements of type 1000 T3/2CL 

HT was chosen. The furnace has four heating elements, wired 

in parallel, producing 4 kW at 240 volts. These elements 

are in four elliptical reflectors which focus the output of 

the lamps evenly on the central cavity of the furnace. The 

lamps have a 10 inch lighted length, hence the designation 

E4-10. The W and A stand for the available options of 

observation window, and air cooling for extended lamp life. 

At the maximum voltage available in the laboratory of 208 

volts, the system produces a maximum heat flux on the 2.5 cm 

diameter quartz sample tubes (see Sections 3.1 and 4.2.5) 

of 16 W/cm2. 

Using one of the quartz sample test tubes, a nitrogen 

purge system, several scraps of GIRCFF Fabric No. 15 and 

chromel-alumel thermocouples, the heating rate in the sample 
2 

test tube was measured under illuminations of 7 and 16 W/cm . 

(These heat fluxes assume perfectly reflective reflectors and 

a perfectly transparent test tube 25 cm long and 2.5 cm in 

diameter, with no radiation end losses.) The heating rate 

2 
for the 7 W/cm case was found to be 735 C/min, while the 

2 
heating rate for the 16 W/cm case was found to be 6220 C/min. 

2 
The large increase in heating rate for the 16 W/cm case was 

assumed to be caused by the fact that convective and conductive 



losses are a nonlinear function of heating rate. 

While heating rates for other materials with different 

thermophysical properties and with other geometrical 

configurations will, of course, be different, this indicates 

the range and magnitude of heating rates available. The 
2 

7 W/cm heat flux corresponds to a voltage of 120 volts, 

about 60% of the maximum available voltage of 208 volts. 

This means that the system has an unused capacity to investi­

gate regimes of lower heating rates, as well as the current, 

high heating rates. 

4.2.2. Furnace Support Frame 

The furnace is supported in a horizontal, operating 

position on a steel support frame (see Figure 6) 68.0 cm 

high. The frame is a cubical space frame supported on four 

lockable casters. The frame is made of lxlxl/8 inch steel 

angles with triangular corner braces of 1/4 inch thick plate 

stock. The bottom of the frame is an aluminum shelf, on which 

is mounted the lamp air cooling manifold, pressure gage and 

control valve. 

The frame supports the furnace so that the central 

cavity of the furnace is level with the bottom flange of the 

accumulator cylinder. 

4.2.5. Air Supply 

Lamp cooling air and the air used to ignite pyrolysate 

gases during ignition are both provided from the same air 

supply system, which is hooked to a 100 psi building air 

supply. 
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Air from the building air supply passes through a 

control valve and a pressure gage manifold, into two Sears 

282.16009 air line filters connected in scries. Air for the 

cooling of the furnace lamps is taken off from here by 1.27 

cm diameter polyethylene tubing to the control valve and 

distributor manifold on the furnace support. From there it 

is distributed to the furnace air inlets by four 0.32 cm 

diameter polyethylene tubes. Air for the ignition tests goes 

through two additional filters, a Sears 282.16009 air line 

filter and a chemical dissicator, and is then led to the air 

flowmeter on the main cabinet front panel. 

4.2.4. Water Supply 

The aluminum body of the furnace is cooled by a water 

flow. Building water at 15 psi and ambient temperature 

enters the furnace cooling passages after being filtered 

through an AMF Cuno Model 1M1 water filter. The water is 

used only once and is then led to a drain by a length of 

garden hose. The cooling water keeps the furnace housing at 

ambient temperature. 

4.2.5. Sample Test Tube and Supports 

The same quartz sample test tubes discussed in Chapter 

[II are used but are now in a horizontal position. The test 

tubes are supported at each end. 

At the open end, the test tube protrudes about 3 cm 

beyond the furnace end. It is held against a specially made 

adapter flange by the cast iron flange discussed previously, 



and is sealed by the Teflon gasket. The adapter flange is 

disk shaped and has two holes drilled and tapped in its edge. 

The holes mate with holes in two steel angle supports rising 

from the top of the furnace support frame. These holes are 

secured with hex-headed bolts . This allows the test tube to 

rotate freely in the vertical plane. 

The other end of the tube, the closed end, protrudes 

several inches outside the central cavity of the furnace. 

This end rests on a transite support block. This block is 

supported on a stainless steel tube held to the frame by a 

clamp. The protruding end is also guard heated to prevent 

condensat ion. 

This arrangement allows the quartz tube to move 

freely in order to avoid excessive thermal stresses, while 

keeping it centered in the furnace cavity. 

4.2.6. Flanges, Bellows, and Furnace Tube 

The sample test tube is connected to the accumulator 

by a stainless steel bellows, two stainless steel flanges, 

and a length of 1.27 cm diameter stainless steel tubing, the 

furnace tube. 

The open end of the test tube is held flat against 

the flat face of one of the flanges by a cast iron flange. 

The junction is sealed by a Teflon gasket liberally coated 

with Apezion. The flange is held against the end flange of 

the bellows by six bolts. The joint is sealed by a copper 

gasket . 



The other end of the bellows is also sealed against 

a flange by six bolts and a copper gasket. This flange has 

a fitting for connecting to the 1.27 cm diameter stainless 

steel tubing. The tubing leads to an additional circumferen­

tial port which was drilled into the bottom flange of the 

accumulator. The previous pyrolysate entry port, a central 

hole in the bottom flange of the accumulator is sealed by 

a two layer teflon gasket. 

The bellows allows for any slight mismatch in align­

ment between the test tube and the stainless steel furnace 

tube. The furnace tube is guard heated by a separate power 

supply and has its own monitoring thermocouple to insure 

that is is maintained at the proper temperature. (See 

Figure 6.) 

4.3. Power Control hquipment 

In order to relieve the cramped conditions inside the 

original cabinet of LITACA, it was decided to split the 

system into three cabinets. One cabinet would contain the 

original tubing, accumulator, resistance heater furnace, 

flowmeters, and reaction cell. The original cabinet was 

used with little or no modifications for this. All power 

controls were removed to a separate cabinet, rearranged, and 

improved. All instrumentation was removed to a third 

cabinet (see Figure 7). 


