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1. Introduction

Spontaneous ignitiohas played a key role in many fires throughout history
and kecause of this many tests have bperformedon materials that spontaneously
ignite to tryto understand their tendencies. There are mayswo go about testing
spontaneous materidt&it 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 approdic to testing spontaneousigniting materials. This was done by
investigating one of themost commonmethodologies for testing spontaneous
material, the standard oven test or the oven basket method. This method uses
common laboratory items, oven, therroaples, data acquisition system, computer,
and easily made items, stainless steel mesh baskets, for its testing along with the
material that needs to be testethich also makes this one of the more available ways
to test spontaneous ignition. To go alomigh 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
beenthe FrankkKamenetskii methodvhich involves finding a critical temperatifor
severaldifferent basket sizes. To find numerous critical temperatures an extremely
excessivenumberof tests must be rymequiring ample amounts of time, materials
and ultimately money to achieve the dedimesults. The crossing point method,
which was used in this research, can achieve the desgatis theoretically using a

very minimalnumberof tests thus saving on time, materials and money. This method



also uses the oven basket methowdsuch a vay that is less tedious and eadier
performoverall.

By using these two methodisr testingspontaneous ignitiofire investigators
could test a wider variety of materials with less time and effort than needed in the
past. This could prove to be vebpgneficial in advancing the methods used in fire
protection to prevent spontaneous ignition frooeurring Potentially, with new and

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



2. Background

2.1 Spontaneous Igniin, Frankkamenetskii Theoryand Linseed Oil
Soaked Cotton

2.1.1Spontaneous 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
exothermidty is inclined to an unstable condition in which its core temperature can
increase significantly due this chemical reaction. This possibly unstaiglection
can be caused by either decomposition or oxidati@sofid, liquid or gas substance.
Fertlizer piles, hay stacks, compost pilesaw dust pilesetc. areall common
examples of decompositiotases During the decompositioof the substance that
makes up the pilbeat is generatedFactors such as externally added hemtisture
within and swroundng the pile andmicroorganismscan to contribute to the
decomposition. Other factors such as pile,siaée of diffusion of oxygemand the
substance that makes up the pile also contribute to the heat generation in the pile.

Linseed oil applied tacotton ragsis a commonexample of an oxidation
reaction. In the oxidation reaction casthe heat generation from theeaction is
acceleratedby most of the same fac®rmas the decomposition reactieaxternally
added heat, moisture, pile size, substahet makes up the pile, etc., lhbe heat is
generated by a different process.

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

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



elevate significantly possibly initiating smolderiagd deemed spontaneous ignition

If enough oxygen is present a sustained smoldering may,aehioh may transition

to flaming. The spontaneous ignition that has occurred is also referred to as thermal
run-away or thermal explosion because the temperatasrge thepile is said torun

awaybecause of how quickly it increases at ignition.

2.1.2 Frankkamenetskii Theory

The theoretical basis behind the analysisimple and ignores many factors
talked about earlier such as the diffusion of oxygen, moistureconduction heating
within the substance, mixtures with competing reactions and transient effects.
However, tle theory, first put forth by FranKamenetskii in 1938does allowfor a
means of determining the conditions ne@tbr spontaneous ignition and a means of
obtaining data to correlate results over a range of material size and temperature.
Becausemany fators are neglected in this theory its results can only be used as a
guide for interpreting the spontaneous ignition in practieerthermoreit is the only
tool that can be applied without the consideration of complex factors that may not
stand the testf 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 tempemtu

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 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 thekffects ignored by the theory are
responsible for cautionary considerations in making predictiorwever, his
approach will give reasonable results based on the data that is provided. One
important consideration should be taketoimccount when working with matesal
tha 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 medtibut at low temperatures the
outside of the material would remain solid.

The basis of this theory and its results are taken from Bdijeand his
notation will be used. The basic theory is due to Ft&akenetskii (1938), and
considers a zeroth order atkermic 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.

pci—i= V-AVT +¢"" (Eq. 1

Thegeneration 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 showigure?2.1.

m

T~25C T

Figure 2.1: Generation Term vs. Temperature

It reaches a maximum of Jjg0sanmsye d&Slods D and

10™° W/cm® at normal ambient temperature to"1@v/cn? at flame temperatures. If
A drops reactants are depleted, the curv@gare2.1 collapses down to theaxis.

In Eq. 1, as long as the gaation term is greater than the conduction term,
the temperature will increase in the material. Evensfeadycondition is reached
the internal temperatures of the material will be higher than its surroundings, as the
generation must equal the condantloss.

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

Bowes (1) considers such a case and sketches the center temperajurm (s



notation, relative to the ambient temperaturg) (TThe lower curve (0 1), 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 ignitionsotxua
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 |1 E is unstable. In reality the depletion of reactants would make the process
unsteady. A graph of this is shownHimgure2.3 where wo different outcomes occur

for the Ta less than or greater than its critical value atal o.



TA > TA, crit

Time

Figure 2.3: Ambient Temperature Above and Below Critical Ambient Temperature

There is a more signdant 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 |l arge temperature rise
depicted as teady smoldering Ui, 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 internab¥T,) due to the exothermic reactia2) no
steady solution exists and the internal temperature will rise significantly. In the
approximate theory of -K to follow, it will become infinite. This is termed a
At her mal runawayo, or At her mal explosiono
Atelm ma l ignitionodo in the case of achieving
flaming in theory as mentioned in section 2.1.1. Hence, the approach is to examine

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



solutioni s f ound. This is the #dcritical condi t

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 actimaginergy or more
specifically

RT .
e=—_is smalle«x 1

by expressing the identity

—— =+ (Eq. 3)

6= (é) (%) (Eq. 4)

and lettinge—0, Eq. 1 now turns into Eq. 5.

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

drz

Her e & Kxk =t /3gcrThe theory uses three geometric shapés. one
dimension, the steady equation for a slab of-hadfth r (j = 0), and infinite cylinder
of radius r (j = 1), and a sphere of radius r (j #s2hown in Eq. 6.

iz jas g
E+E£+5E =0 (Eq.6)

The dimensions are shown Figure 2.4 with the dimensionless length coordinate

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

The parametefi is a Dankohler number (dimensionless). Given in terms of the

reference T:

5= (i) (M) e‘(ﬁJ (Eq. 7)

RT4/ \ AT,

The terms in parenthesis are also dimensionhé;ssis typically (E ~ 100 [kJ/mol])
A

about%. For fire conditions of T~ 10°, € ~ 01. 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, ~ 10asd is usually oforder 1.

A solution ford will depend onll. As U increasesgcaused by an increase in r
or Ta, a value will be reached where a steady solution is not possible. This is the
criticacd Eqv@ tan be, solved for different scenarios, andithean be

determined. Then ifi O U, for the actual state of the substance, ignition is said to

10



occur. The scenario of a cold pile in a hot environment will be examaredi the
results found in the literature will be presented.
Consider uniform material in a gimegeometric shape exped to the

environment. Also consider Newtonian heat transfer at the surfaé&sj.i@a and Eq.

8h.

ar
—A—=Nh(T —-T,) (Eq. 8a)

dx
or

de
—— =af atz=1 (Eq. 8b)
The heat transfer coefficient can be a combinatibnomvection and linear

radiant heating fromthe sasrru ndi ng s . T h=hr/IB iFar the umsieady e r , U

problem where the initial temperature Ti < TtAg temperature response is illustrated

for a symmetric slab of halkvidth, r, in Figure2.5. This ceaognrbasks | i ke t
met hodo, where cubes of materi al are i nse
temperature.

11



1,2 Heatingfrom T,

L e 3 Steady result, now coolingto
i ! T

,”I TA/ 8<§C

7 / 4 Ignition event, 6>6.

Figure 2.5: Temperature Response for Symmetric Slab

A solution to Eq.6 with boundary condition&q. 8 has ben given, by Thomas
(1958),f or t he symmetric sl ab. The result

Uy 0, U(:E:

Uy B,u.=0.88

Complete results are given for the slab, cylinder, and sphé&igune2.6, andds (d at

z=1) anddy (d at z= 0) are given inFigure 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 jTmust bes p e c i f i e &t be compliteddronmu

heat transfer principles.

12
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Figure 2.8: , \thlues for the Range olJ, (1)

Table1 gives values for a more complete list of geometriedJfpr D.

Body o do
Infinite Plane Slab, thickness 2r| 0.878 1119
Infinite cylinder, radius r 2.000 1.386
Sphere, radius r 3.322 1.610
Cube, side 2r 2.569 al. 8

14
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[EY
N

Infinite square rod side 2r 1.700

Short Cylinder, radius r, height 2| 2.764 al. 7

Table 1: Critical V alues forU Y, BBdywith Surface at Ta, (1)

2.1.3Linseed OilSoaked CottoResearch

Throughout the years it has been prevalent that the spontaneous ighition
oily rags has been a reoccurricguse of fires all over the world. These fires have not
only caused hundreds of dollars in property damapgey have also put countless
number of peopl Hubnerous studieshave beendana an dnseed oll
soaked cotton using several different methods and configurations to understand and
recognizeits reactivity, and havehelped in fire investigation and overall public
knowledge.

Gross and Robertsof2) tested spherical piles of numerous materials
including linseed oil soaked cotton. The linseed oil was applied to the cotton using a
ratio of 1 par oil to 6 parts of cotton by weiglar 16.66% concentration. To test their
materials they used an adiabatic furnace with a #fuittion thermocoupleand
additional guad heaters to minimize heat lossThey determined the activation
energy of their liseed oil sample to be 88 kJ/mol and theirtdvibe 49.6 to be
discussed in section 2.taken fronBabrauskasonverted tablg).

Khattabet a(4) used a differential thermal analysis (DTA), which is very
similar to differential scanning calorimetry (DSQ@9 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.

Theytested fourdifferent sample concentration®%, 26, 10% and 20%f linseed

15



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 diéfrent sizesamples including samples that
involved 25g of cotton and 75g of cotton. It was found thatribst favorableesults
camewhen 75g of cotton were soaked with 75g of linseed oil, a S3%ple
concentration. These sampked ignited between 1land 6hrs.

Thompson(6) used a modified Mackey test examinea combination of
different dls 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 15g of cotton with 159 of linseed oil and 30g of cotton with 30g
of linseed oil. He found that the linseed oil was the most hazarsidhstance
compared to the other oils tested.

Radford(7) applied boiled raw and refined linseed twilthree different types
of material, cotton rags, white waste and colored wasiée 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 detectorgadst@if the 31 tests
that were carried out, 13 of the samples went to flaming and 18 didDuwwing ane
of his testinvolving 3.50z of colored waste soaked with 4@ boiled linseedthe
smoke detector gave a signal at 90 minutes and the mass flatrsirainutes.

DeHaan(8) filled waste containers with linseed oil soaked cotton i@y
achieved a brown discoloration and an acrid odor after 1hr with an internal

temperature of 25C happening after 3hrs and flaming happening 4hrs later.
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Other sourcesound in Boweg1) and Babrauskag3) include Kissling who
from an initial temperature of 236 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 cardard boxes, achieved ignition and a temperature rise

from 21°C to 226C in 6.25 hrs.

2.2 OvenBasketMethod

Originally the oven basket method was used to provide an easier and less
demanding way of finding critical temperatures of materials. This dvtheén be
used in conjunction with FrarKka me net ski i 6s met hod of analy
parameters P and MWith the crossing point method being the means of analysis the
oven basket method is used to reach a slightly different outcome of findisgiragy
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 bet@men
andlm. A circulation fan must be installedh the inside of the oven to ensure forced
convection throughout the oveiWhen using the 4K method of analysis good flow
conditions are essential to make the biot humber very lafige oven temperature
should be controllable within at least°€land @ up to at least 20C€. 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 bwpped
baskets made of 6@esh 0.25m 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 toegare 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 (0.270.19mm) should be placed in the centeth& sample or in the middle
of the sde 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 té tests.

The samplas 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 couritleid 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 bieat t
temperaturgT,,) abovethe oven temperatur@lp) and then come back down to a
stable temperature slightly above the oven temperatsesplainedabout in section

2.1.2 and shown irFigure2.9.
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Figure 2.9: Top Graph Showing SuperCritical Case and Bottom Graph Showing SukCritical
Case from Quintiere (9)

After the sample has extinguished then a new sample is prepared using new
material and a different oven temperature is testétlis process is done until the
desired amount of data is achieved

When using the K method for analysjssamples are tested at different oven
temperatures untdubcritical and supecritical oven temperatures abeth achieved.

The temperature flerence between oven temperatures may initiallysblestantial
but is narrowed by testing temperatures slightly below and above the it
and sukcritical temperatures. Eventually, this process will zone in on a critical oven
temperature at whit the sample ignites. With the correspondingritical oven

temperature T, t he equation for U . doa the cumewin be equ

logarithmic form seen in Eq. 9.

19



In [(‘%)2] — M—P/T, (Eq. 9)

where

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

RA
. 2 . . TA 2 .
The units fore™ areK?mn? and P has units of KBy plotting theln (T) against

(1/T,) 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 extrapotatdarger scale
corditions. This is the best way to quantitatively evaluate whether ignition is
possi bl e, h Howeveg factoiis cab affect the accuracy of extrapolation. These
include the effects of melting, moisture, and maintaining the same material. Never
theless, 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 analffsésoven basket method is
utilized in a different way. Instead of finding critical temperatures for each basket
size, as required by theK-method,the different basket sizes are tested over a range
of oven temperaturesFor example, for this research the 5cm (50% concentration)
basket was tested at six @ifent oven temperatures which was enough data to

correctly apply the crossing point method. tilke vs. temperatureurve, as seen in
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the top half ofFigure2.9, resulted from each testis is necessary to find the crossing

points needed téor the crossing point methothlked about further in section 2.3

2.3 Crossing Point Method

Jones(10) and Chen(11) propose aralternative to the FranKamenetskii
method It stars out with the sameconduction equatiothat the FrankKamenetskii
theory started out with seen in Eq. Erom there the data produced by the oven
basket method is examined. To analyze the data the center temperature of the sample
is looked atand the point at which it crosses the oven temperature (Jonésg or

surface temperature (Chen) is locatgtbwn inFigure2.10.

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 deehmedrbssing point. At this point,
for the Jones method, the oven temperature is the same as titletemperature of

the sample andf the Chen method, the center temperature is the same as the surface
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temperature of the sampl&@his means in both cas¢he temperature gradiel() is

zeroandthe conduction term in Eq. 1 goes avegvingEq. 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 dpusing Excel, Matlab or by hanérigure2.11

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)

315

110 -

105 -

\ » . y=10.671x - 178.59
Crossing Point —_—
| /

Slope

85 -

100 -

95 -

Temperature (°C)

Intercept

80 T
25 25.5 26 26.5 27 27.5

Time (minutes)
Figure 2.11: Finding the Slope of a Jones Method Crossing Poitdsing Excel
An array of crossingointsis obtainedafter going through the rest of the whole set of
data produced by the oven basket methdlde crossing point slopes atkenplotted
with the inverse of the oven temperaturBq,, plotted on the saxisandthe natural

log of the crossing point slopda(dTJ/dt), plotted on the yaxisasseen inFigure
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2.12. Sometimes 10004Wwill be used on the-axiswhen working with larger oven

temperatures.

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

Linear (7.5cm (77%)) - Linear (10cm (80%))

© 5cm (75%) X 7.5cm(77%) O 10cm (80%) ----- Linear (5cm (75%))

4 - .
Rrendlineiof uta Natural Log of Individual
3.5 4 Crossing Point Slopes
FE e @

y=-1.8893x + 7.4326
o

2 25
=
m
& O
O e y=-2.0957x + 8.6369
s | T o o N
T 159 T e

. y=-15328x+575630 T O - cgy

Slope and Intercept of Trendline /
0.5
0 -+
2:3 2.4 2.5 2.6 2.7 2.8 2.9 3 31 3.2

1000/To
Figure 2.12: Plot of In(dT /dt) vs. 1000/T with Labels
Once the data is plottedteend lineis fitted to each set of data also showrigure
2.12. Again, the slope of the trerithe is found but the interpe is also needed this

time. Thetrend linethat is fitted to each set of data is represented by the relationship

seenin Eq. 13.
o) _n (%) -E1
In ( " In _ R T (Eq.13)

where the slope of the line is represented BAR and In(QA/c) is the-gpxis
intercept Theslope ad intercept foundy usingExcel or othemethodsds used in
thedeterminingof E and QA/c. To find E, the slope from th&end line(-E/R) is
multiplied by the negative universal gas constdrt, To find QA/G the intercept
from the trend line In(QA/c) is taken to an exponentiakrom here ¢ can be

substitutedor in Eq. 13using Eqg. 14.
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c = A/pk (Eq.14)

which gives Eq. 15

In (%) =In (Q';—Pk) _E2 (Eq.15)

RT,

Finally, P and M can be founasing Eg.10andEg. 11in conjunction with the slope

(-E/R)andtheiner cept i n EQq. 15 (I n( QAy k/ &) )

3. InstrumentsTesting MaterialsSafety Precautions and
Procedure

3.1lInstruments
3.1.1 OverandOvenModifications
The oven used for testing waa Memmert UFE500 115V Forcedlir Controlled

Convection Oveseen inFigure3.1.

Figure 3.1: The Memmert UFE500 Forced Controlled Convection Oven
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The dimensions of the inside of the oven weBem wide by 48cnall by
40cm deepwith an appoximately 15cm diameter fan on the back waBhownin

Figure3.2.

Figure 3.2: Inside of Oven Showing Thermocouple Placement

The fan positioned on the back wall 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.

shownin Figure3.3.
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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 testThe temperare of the ovenvas accurate to 26 and during
all of the tests the fan speed was set to the highest setting to assure forced convection.
Fourungrounded 1/ 160 di amet ghermaduplésn| ess s
were installed in each of the four corseof the oven. Each thermocouple was
positi onahelefdar rightmeamest waind 406 from either th
bottom walls of the ovenTheyextendednto theover8 6 fr om t he back wa
left the tip of the thermocouples at the centethef ovendepthshownin Figure 3.2.
These thermocouples were used to make sure the temperature was the same
throughout the oven at all timesd that the temperature did not differ between the
reading on the frandisplay 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 handuring its testshownin Figure3.4.
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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 theasttelf

tainted the results of the test.

3.1.2Materials

The baskets were made from 6i&sh.25mm openingstainlesssteel That
posed to be a very good material for holding the contents of the saampte as the
cotton turned to ashthroughout the whole duration of the testhere were three
different sized baskets used for testiigm, 7.5cm and0cm. 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 usdal testingwas KlearStrip Boiled Linseed Oil

seenin Figure3.5.
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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 ts potency.
The cotton used forhe experiments was 100%otton batting shownin

Figure3.6.

Figure 3.6: 100% Cotton Batting Roll
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The 100 yard roll of cottonwa$ 6 0 wi de and mantbestripsfor easy

testing.

3.1.3Data Acquisition

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

All of the thermocouples, from the oven and the sanwére connected to a
Fluke 2645A NeDAQ system which was also connected to a compit@ugh an

Ethernet cablesesnin Figure3.7.

Figure 3.7: Fluke 2645A NetDAQ SystemConnectedto the Computer

This systemcollected and storedhe data for each test throughout the testing

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

3.2 SafetyPrecautions
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Throughout the testing process, scenarios arose where ¢onekidedhat a
special action should be taken to conttw scenario before it became hazardtws
the lab area. One main hazardous scenams discovered thatould be very
dangerous and even life threatening inibse during the actual running of the tests.
During testing, the sample could possibly give off enough vapors, at some point
betweensmoldering 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,shownin Figure3.8.

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 oftrogen 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 niteof the oven which slowed down the
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reaction and created a less likely environnfentauto ignition The oven would stay

off until the green button on the top of the safety system was preSsedndlythe
solenoid opened thus purging the oweith cool nitrogen to try to slow down the
reaction by taking the place of oxygen and cool down the interior of the OMes.

line for the nitrogen warunthrough an exhaust hole in the back of the oven seen in

Figure3.9.

Figure 3.9: Nitrogen Line Running Through Exhaust Port Hole

This safety systembébs operation was very
could happen

The second main safety precautionolved thecontainment 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 sa&fentainment vessdb discard any materml
containing linseed oil. While preparing samplesréhwere many rags, towels, gloves
etc. used to help contain and clean the linseed oil from the lab area. If not properly

disposed qfthe trash could very easilge saturated oignited by the linseed oil
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soaked rags, towels, gloves etc. This posedtaotery 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 exhaost,seen inFigure3.10, wasa
must to export the smoke coming out of the oven so the lab area did not fill @ith th

smoke.

Figure 3.10: Portable Hood Positioned Over the Open Oven Door

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

door needed to be opened.

3.3Procedure

The oven wasurned on first so it could start its preheating process and reach
the specified temperature before the sample was prepared. Tleatprghprocess
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 prehéating

strips werethenmeasured andut out of the roll of the 100%otton fabric Squares,
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of the specified size to fit the basket being testece then measured, marked and cut

out of the cotton strips, shown fiigure3.11 andFigure3.12.

Figure 3.12: Cut Out Squares Stored in Bin

Linseed oil was then applied to the specified amount o&regly one out of two

different methods.
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The first method of linseed oil application, which was used for the 5cm (75%
concentratiopy 7.5cm (77%concentratiopand 10cm (80%oncentratiohtests, was
a saturate and wring method. This methodolved of a pan of linseed oil anthe
squares being laid flat in the pan whichally saturatedhe squares, seen kigure
3.13. The squares were then wrung out one by one and weighed afterwards to confirm

the correct cocentration

Figure 3.13 Saturating the Squares in a Pan of Linseed Oil

The second method of application usedod sprayer that woulévenlyspray

the linseed oil onto the squares one by shewn inFigure3.14.
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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) testsThe spayer was a reusable oil sprayer that used a hand pump to
create pressureUsing the sprayer for application made it very easy to test different

linseed oil to cotton concentrationg\gain, eachsquarewas weighed to assure the

correct linseed oil to caih concentration was mshown inFigure3.15.

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

Once the application process wamsmpletedthe squares were placed into the
metalbaket one by oneuntil it was half full. They were placed in the basket while
the linseed oil was still wet. When half full, the three36 AWG Type K
thermocouples were inserted irttte basket, one in the center of the sample and the

other two on opposingurface as seen ifrigure3.16.

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

With the thermocouples in place the rest of shi@ares 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, shiowfigure3.17, and thesample was

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

Immediately after the NetDAQystem started collecting daf@e sample was placed

in the oven by opening and shutting the dwery quickly so minimal heat would
escape. If a lot of heat were to escape then the results of the test shaybd. 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 Disgssion
4.1 Overview

For this researcha 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 cottoncked gue
to its popularity for spontaneously igniting atite demand for more informatiam
its tendenciesTo safely run these tests a safety systeas built and installed to
control the internal conditions of the oven.

Originally, the Frankkamenetsk method of analysis was to be coupled with
the oven basket method to producetical temperatures and eventualthe
parameters P and M talked about in section 2.2. During the trial and error process of
pinpointing a critical temperature for the 5cnd¥%), 7.5cm (77%) and 10cm (80%)
baskets a critical temperature was not folnedausesvery trial reaching a super
critical sttaleéurtherrdisciisseg m sectiomd@ie Jack of ability to
produce a sulbritical test was duéo the highconcentration of linseed oil contained
in the samples.This left the crossing point methd@dones)}o be used to analyze the
data from the oven basket method instead.

To use this method theven basket methotad to betestedin a slightly
differentmaror. Instead of looking for critical temperatures called for by the-K
method,each basket was tested at a rangevehtemperatures From this data, the
point at which the center temperature)(@nd the oven temperature,fTcrossed,

which is refered to as the crossing point, was found for each telich will be
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further discussed in section 4.4From these crossing points the crossing point
method of analysis was applied to find the activation energy (E)Qdvhich
eventually would lead to éhcalculation of P and M, originally sougby the FK
method. The crossing point (Jones) methadulted in some very nice data and also
compared very well to data from other sounatdéch will be shown further in section

4.4. This methodcoupled with he oven basket method provided for a very quick and
easy approachitesting spontaneous material and is recommended for testing other

spontaneous materials in the future.

4.2 Raw Data

When investigating thetest results of the different basket sizes and
concentrations with no suppression system activatethree differentstates were

reached, ignition, smoldering and flaming, seeRigure4.1.

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

<€—— Flaming

700 -

600 -

Smoldering
9 500 - |
o
g 400 - - = OvenTemp
e Ignition Center Temp
E 300 - — - Surface (window side)

....... Surface (fan side)
200 -

100 - ; “

-

0 50 100 150 200 250 300 350 400

Time (minutes)

Figure 4.1: The Three States of alypical Test

39



The first state reachedwas the ignition state which clarified whether this
sample was a runaway case or not. In Figure 4.1, ignition happened at
approximatelyl00°C shown by the sharp increase in the center tertyeraThis is
when the reaction happening inside the sample haaway and keeps building on
itself thus making the reaction happen faster and fastbe heat generated from the
reactioncauses the center temperature of the sample to increase vekily duli a
new state is reached’ he 100°C temperaturat which ignition happened was not the
samewith every test due to changing sample sizes, linseed oil concentrations and
oven temperates.

The smolderingtatewas the seconstatereached whichn Figure4.1 started
at approximately 100 minutes and lasted approximately 90 minutes while ranging in
temperature from 378& to 425C. During thisstate the reactiorin thecenter part of
the samplereached a high enough tempiere where the cotton started to char

seenin Figure4.2.

| &

Figure 4.2: Charred Center of a Sample
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In some cases,sample would have a very prolonged charring state, asis&ayure
4.1 lasting approximately 90 minutes at about 4Q0which created a voidh the

center of the sample as seerfrigure4.3, Figure4.4 andFigure4.5.

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 rangedize from a couple centimeters to
approximately 10cm in diameter.Also during the smoldering stage, tlwven
completelyfilled with smokemaking it so the sample was not visible through the
window on the front of the ovenThe smoke mainly had a white/grey color and also
had a verystrongodor.

The final statethat occurred was the flamirggate This was shown as huge
spike in the center temperature data happening right after the smoldering biage.
Figure 4.1, the flaming state lasted approximately 30 minutes at aroun8C725
Flaming occurs when there is enough oxygen present inside theesanapthe heat
produced by theunraway reaction and smoldering is great enough to ignite the
flammable vapors given off by the cottoAlthough flaming was reached Figure
4.1 it was not reached in aaority of the samplesnainly because the smaller

samplegan out ofcotton to burrduring the tesand the safety systewas activated
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most of the timewhich shut down the system befotlee flaming state could be
reached.

At approximately 240 minutes the flaming state startedxtinguish 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 tes

4.3 Critical Ignition Temperaturdesting

Originally the FrankKamenetskii methodvas to be usetb 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 tHedint basket sizess talked about
in section 2.2 When the process @inpointing critical temperaturdseganthe 5cm
(75%), 7.5cm (77%) and 10cm (80%) were all tested. firét the beginning of
testing higher oven temperatures warsedand every saple testedfor all three
baskets went to ignition. To try to get a guriiical test a decrease in the oven
temperatures was carried out uitil ambientoventemperature (~2C) was finally
tested in which the samples still went to ignition, showRigure4.6, Figure4.7 and

Figure4.8.
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Figure 4.6: Showing Ignition for the 5¢cm (75%) Basket over the Temperature Range of 46 -
200°C

5cm - 75% Conc. - Temps 20°C-60°C - Showing Ignition Over the Temperature
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Figure 4.7: Showing Ignition for the 5¢cm (75%) Basket over the Temperature Range of 20 -
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%) Baskéover the Temperature Range of 4%C -
150°C

Each of the figures shows the area where ignition occurred dbegest run. With
a subcritical test unable to be achieveeven at ambient temperaturdbe FK
method could not be used on these baskeissattheir linseed oil concentratian
The only way to get a swdritical test with those basket sizasd concentrations
would beto run a test at lower than ambienentemperatures. This would require a
refrigerated room or some apparatus that ld/cueate the same oven environment at
lower than ambient temperatures, which was not available. Since the conditions to
get results for the FrarKamenetskii method were not availaloher options had to
be consideredor example, changing the conceatton of linseed oil

Later on in the testing stages the linseed oil concentration was changed to
33.3% andb0% of oil by weight for the 5cm basket sizé critical temperature for

the 5¢cm (33.3%) basket size was pursued but was not found as Ségur@#.9.
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Possible Critical Ignition Temperature - 5¢cm - 33.3% Concentration
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Figure 4.9: Possible Critical Ignition Temperature for the 5cm (33.3%) Basket Size
Oven tests began around°60and were decreasedtill a subcritical test was found
at an oven temperature of 40 Even though it is hard to seeigure 4.9 shows the
40°C test not having a sharp increase in temperature confirming that it iscaitgcdd
test. With no ignition at 40C and ignition at 43C an ova temperature of 3€ was
testedo see if another sutritical test would result When looking at the 3€ test in
Figure 4.9 at around 2000 minutes the center temperature of the sample starts to
increase rapidly, not common afsubcritical test, thus resulting ignition. With
the subcritical test at 4€C it is believed that the critical temperature for that sample
is very close to being achieved badditional testing would be needed to exactly
pinpoint the critical tempature 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 nambg/ctossing point method.
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4.4 Crossing Point Method (Jones)

4.4.1 Crossing Points

The crossing pointnethodwas useds a means of analydiecauseno critical
temperatures were found for the Fratkmenetskii method Originally, both the
Chen and Joneseathod, as talked about in section 2.3, wgwig to be applied to all
of the datébut afterexaminingthe datagiven from theoven basket method it seemed
as if the thermocouples placed on the surface of the sample were giving strange
readings. Due to #se outcomesnly the Jones method was uskd 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, whenit was decidedhat the crossing point method was going to be dsed
analysis the oven basket methbdd to be used in a different wathan it was
originally used by the #K method Critical temperatures, as requirby the FK
method,were notexplored but insteaché different basket sizesere exposed to a
range of oven temperaturegor example, the 5cm (33.3%) basket size was exposed
to six different oven temperatures ranging froniG@ 150C. The datahat was
collected from these testgasrecordings of theenter, surface and oven temperatures
throughout the duration of the testn&xample is shown iRigure4.1.

After all the basket sizes were tested at their respective oven temperatures the
raw data producedias examined usindhé Jones methodTo help understand this
method an example will bexplainedat each step of the process, the first example is

shown inFigure4.10.
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Figure 4.10: Point where the Genter Temperature Crosses the Oven Temperature for the 7.5cm
(77%) Basket Size

The center temperature of each data set was located and inspetitetie point at
which the center temperature crossed the oven temperature wasdeandrFigure
4.10. This was deemed the crossing point of teis The next step was to find the
slope of the center temperature at the crossing podatibn First, a graph of the
crossing point was made which zoomed in on the intersectiomerdline was then

fitted to the center temperature dataen irFigure4.11
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7.5cm - 125°C - 77% Concentration - Center crosses Oven
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Figure 4.11: Showing theTrend line Fitted to the Center Temperature and Showing the Slope

With atrend linefit to the center temperature data the equation fotréme linewas
shown and the slope of the line was recorded. This was done foasHlet sizes at
every oven temperatutested

With every slope recorded small calculation was made tioe slopes and
their respectiveven temperatureThe natural log was taken of the slope, In{di),
and the oven temperature was first converteldtven, by adding 273.15, and then

the inverse was taken, L/TThe values for the 5cm (50%) are shawiiable?2.

5cm (50%)

Oven Temps°C) | Oven Temps (K) 1(()2?;1-0 Crossing Point Slopd/s) | In(dTy/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

49




Table 2: Showing the Calculations Done to the Oven Temperature and the Crossing Point Slope

The inverse of the oven temperature was multiplied Dlge next step involved the
new numbers @ng graphed with 10004Ton the xaxis and In(d¥dt) on the yaxis,

seen inFigure4.12.

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

L
®
=
2
S
2
= 1.5 y=-3.2957x + 11.894
- Slope and Intercept of Trendline /
0.5
2.25 235 2.45 2.55 2.65 2.75 2.85 2.95
1000/To

Figure 4.12 The Graph of In(dT J/dt) vs. 1000/, for 5cm (50%) Basket Size

Just as irFigure 4.11, atrend linewas fit to this data but this time the slope and
intercept were both recorded. Thiend lineis represented by Eq. 16, where the

slope of the trethline is equal td E/R and the intercept is equal to I¥Q).

In (%) —In (E) _ 1000 (Eq. 16)

c R T,

When the rest of the data was graphed a group of outliers showed kiguried.13,
the data for th&cm (75%), 7.5cm (77%) and 10cm (80%) baskets did not have the

same straight line shape seenin Figure4.12.
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Comparison Between Basket Sizes 5¢cm, 7.5cm and 10cm - All Data using Jones Method

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

The tes$ using extreme oven temperatures, high &ow, produceddata that is not

what is expectedThe 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 decreasmind 3.1. Another graph was made

excluding the outlying data poinggen inFigure4.14.
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Comparison Between Basket Sizes 5cm, 7.5cm and 10cm using Jones Method

o 5cm(75%) X 7.5cm(77%) O 10cm (80%) -----Linear (Scm (75%)) —— Linear (7.5cm (77%)) - Linear (10cm (80%))
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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%)
Baske Sizes without the Outliers

With the outliers not included thgataformsa much straighter line as expected.
When the slopes were compaifeaim Figure4.13to Figure4.14to see how much of
a differerce the outlying points magdthere was not much differené@und In
Figure4.13, the slopes were2.0407,-1.8954 and1.4103 for the 5¢cm (75%), 7.5cm
(77%) and 10cm (80%) baskets. Higure4.14, theslopes were2.0957,-1.8893 and

-1.5328 for the 5cm (75%), 7.5cm (77%) and 10cm (80%) baskéits. the 5cm and

7.5cm basket slopes only having an approximate .01 difference and the 10cm basket

only having an approximate .1 difference there is no reabmeto exclude the

outlying data. Resulting from this, the slopes produced by using all of the trials, seen

in Figure4.13, for the 5¢cm (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 thia(dT/dt) vs 1000/F graphs another
small calculation was done to produce their activation energmsn Eq. 16 the
slope is equal tdE/R and to find the activation energy the slope wagiphgd by -
1000/R Usually it would be multiplied byl/R but 1000/Fwas used on the-axis to

make the numbers larger as stated aboVke values can be seenTiable3.

Size (cm) Slope Activation Energy, E (kJ/mo
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 fromFigure 4.13

These values wereéh plotted with concentration seerFigure4.15.
Activation Energy Data
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Figure 4.15: Activation Energy for All Different Sized Baskets and Concentrations
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Figure4.15 shows tlat as the concentratiaf linseed oil and the size of the sample
both increaséhe activation energy decreaseédlith the higher concentration samples
having loweractivation energyhis means the sam@aeedless energy from the heat

of the oven to actate the reaction inside the samplBy requiring less energy to
activate the reaction it also requiless energy to produce a raway scenario.The
samples that have a lower concentration have a higher activation energy. This means
the lower conceméition samples require more energy from the heat of the oven to
activate the reaction insidéA comparison between the results showirigure4.15,

thedata from Gross and Roberts@) andthe data fromKhattabet al(4) is shavn in

Figure4.16.

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
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 fronKhattabet al(4) begins to show how the comteation of linseed oll
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 incriesénseed oil loading
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from 0% to 20% the activation energy starts to decrease ancessaghlue 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 caten as stated in
section 2.1.3. The data fro@rossand Robertsori2) reinforces the numbers that
Khattab et al found at their lower concentration ranGeoss and Robertson found a
16.6% concentration to have an activation energy of 88 kJ/moélieedtabout in
section 2.1.3. When the data from this researghaphed with the data from Khattab
and Gross the decreagitrend started by Khattab anddSs is completedshown in
Figure4.16. All of the data together showery 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 energyededeor the sample to go to
ignition also. This is exactly whgoncentrations 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 calalate the parameters P and M the slopes and intercepts collected from
the In(dTy/dt) vs 1000/F graphs, for exampléigure 4.12, were needed. P was
calculated first P was calculated using Eg. 10 which is exactly the slope ftben
In(dT/dt) vs 1000/F graph but since 1000f, was used the slope had to be
multiplied by 1000 to be correct. The values for P loarseen imable4 andFigure
4.17. Next, Mwascalculated using EdL1 and the approximated thermal properties

listed inTable5. The values for M can also be seedable4 andFigure4.18.
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Basket Size and Concentration P M
Gross and Roertson 16.6% | 10584.56 49.6
5cm- 33.3% 5096.50 39.50
5cm- 50% 3295.70 34.46
5cm- 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 Robern (2)

For units for P and M see section 2.Phe values for thermal conductivify awere
extrapolatedoy using.06 W/mk for uncontaminated cotton and .147 W/{hR) for
linseed oil. The extrapolation also took into account the ratimsded oil tocotton

by weightin each samplshown in Eq17.

“: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 3Rr example, theveight of a
sample for the 5cm (33%) basket weighed approximately 12g. This gives 129 per
5cnt which was then converted to units of kg/nSpecific heat (c) values were also
extrapolated using 1300 JA for uncontaminated cotton and 1796 JKgfor
linseedoil (12) while also takingnto account the ratio of linseed oil to cotton in each
sample. The equation used for this is shown inlBqg.

€ .. =Y c + ¥

mix cotton - cotton linssad Clinssed (Eq 18)

56



The thermal diffusivity was calculated using BHE.

k=A4/pc (Eq. 19)
. . E A =S c k
Basket Size and Concentration (kd/mol) ( J/Qs-kg) (J/s-m-k) (kgij) (Ilkg-K) (Mm2/s)
10cm- 80% 11.73 3.59E+05 0.130 339 1696.80 | 2.25E07
7.5cm- 77% 15.76 2.63E+06 0.127 317 1681.92 | 2.38E07
5cm- 75% 16.97 5.30E+06 0.125 329 1672.00 | 2.28E07
5cm- 50% 27.40 2.27E+08 0.104 128 1548.00 | 5.22E07
5cm- 33.3% 42.37 2.60E+10 0.089 96 1465.24 | 6.33E07
Gross and Robertson 16.6% 88 4. 7E+13 0.046 309 1400.00 | 1.06E07

Table 5: Spontaneous Ignition Properties Used in the Calculation of M and Compared to Gross
Rob &ata(8onbds

and

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 equéing TE/R the Pvalues shown inFigure 4.17, should decreasewith
increasing concentration and basket size @ssthe activation energy did Figure
4.16, which they do This makes sense since theiatton energy ishe driving
parameter in P with R being a constaince 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 vdlues M d o méatth exact |
the same decreasing trend as the P values because of the other factors taken into
account when calculating Mthermal conductivity, density, specific heat, QA
Graphs of these thermal properties with linseed oil concentragoshamwn inFigure

4.19, Figure4.20, Figure4.21, Figure4.22 andFigure4.23.
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Thermal Conductivity, A {J/s-m-k)
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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)
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Figure 4.21: Graph of Specific Heat with Linseed Oil Concentration

Comparison of k Values vs. Linseed Oil Concentration

X Gross and Robertson 16.6% X 5cm-33.3% [O5cm-50% <©5cm-75% 0O7.5cm-77% A10cm-80%

0.0000007 -

0.0000006 -

0.0000005 -

0.0000004

0.0000003 -

0.0000002 -

0.0000001

o0 A

100

T T T T T T T

10 20 30 40 50 60 70 80 90
Percent Linseed Oil by Weight (%)

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) wi th Linseed Oil Concentration
When investigating the graph of thern@nductivity Figure 4.19, Density, Figure
4.20, and Specific Heatl-igure 4.21, it makes sense that they altrease 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. Linsesdtsibimuclienserthan
cotton and agaiit makes sense when the sample density increases with increasing
linseed oil concentrations. kigure4.20, it is shown that the density for the Gross
and Robersois in the same range & 5cm (75%), 7.5cm (77%) and 10cm (80%)
basket si zes. This doesnot mean t hat t he
(50%) basket sizes are wrong it just means that a higher packing deasitysedor
their testing. Figure 4.22 shows the thermal diffusivity which was calculated from
Eqg. 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 hder 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 samplagure4.23 shows that as the concentration

of linseed oil increases, IN(QA) decreases. These were-#xés yintercept values

from the In(d/dt) vs 1000/ graphs.

4.4.4 Rate of Reaction per Unit Volume

Using these parameters the rate of reaction per unit vql@ie from Eq. 2

can dso be calculated for an individual test run, as sedfiguare4.24.

Rate of Reaction per Unit Volume vs. Time - 10cm - 48°C - 80%
Concentration
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0 10 20 30 40 50 60 70
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Figure 4.24: Reaction Rate per Unit Volume for 10cm (80%) Basket with 48 Oven
Temperature

Figure 4.24 show the reaction rate per unit volume for the 10cm (80%) basket size
tested at an oven temperature of@8vith time. The reaction rate is calculated from
the start of the test till just after ignition. This time period is the timg when the

calculated properties are correct, after this time period the properties change resulting

62



from ignition. When comparing the reaction rate per unit volumeth®e time
temperature curve, seen kigure 4.1, it is evicent that the reaction rate directly
applies to the center temperature of the substance. As the center temstaaisite
increase after the sample is placed in the oven the rate of reaction also starts to
increase. At 50 minutes the rate of reactipikess which is the exact moment that
ignition occurs in the sample. This can also be sedfigure 4.1 when the center

temperature increases significantly at the ignition point.

4.5 Time to Ignition

Whenlooking at all the testfrom Figure4.6, Figure4.7 andFigure4.8 along
with some additional datfor the 10cm(80%) basket sizethe ignition time for each
test run was found. Ignition was deterednto be when the center temperature of
each sample started to increas@ClPer minutefor the 5¢cm (75%), 7.5% (77%) and
10cm (80%) basket sizes and°@0per minute for the 5cm (33.3%) and 5cm (50%)
basket sizesWhen the sample reached this rate ofaase it was determined that the
reaction inside the sample achieved-away conditions. After compiling the results

the different basket sizes were compagtbwnin Figure 4.25 andFigure4.26.
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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 thaas 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 temperaturéqR@he time it takes samples to go to
ignition significantly increases, reaching a time of over 5.5hksis also shown in
Figure 4.25that as the basket siaad concentration are decreased the time to ignition
also decreasesThis phenomenon happens very distinctively @°C where tle 5¢cm
(75%) reaches ignition before the other two basket siddss is most likely due to
the fact that as the sample gets lartiex thermal diffusivity decreases, as talked
about in section 4.4.3This meandt takes longer for théeat produced by ¢hoven
to heat up the sample and effect the reaction happening inside the sample. Another
factorthat 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 iesréasould
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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 ignitigure 4.26

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

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

O 5cm (75%) O 5cm (50%) A 5cm (33.3%)
------- Trendline (Scm (75%)) —— Trendline (5cm (50%)) —— Trendliine (5cm (33.3%))
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Figure 4.26: Time to Ignite for 5cm (75%), 5¢cm (50%) and 5cm (33.3%)

Again, as the oven temperature the sample is exposed to increases the time it takes to
reach ignition decreas. 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 BowEswhich can be used to

estimate the time to ignition for a sample having the geometry of a slab, cylinder or a
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sphere. There are also different factors that are actedifor 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 siaresay to
test and analyze spontaneous mater@tiginally the FrankkKamenetskii was to be
coupled with the oven basket method to testded oil soaked cottomAn oven was
instrumented and a safety system was set in place to control the ovenoosnditi
throughout the testing stageAfter it was concluded that the i method would not
be able to be used the crossing point method was resortefatt. the Chen and
Jones crossing point methods were originally useddbet to complications in the
tesing of the data thdinal results were done usingnly the Jones crossing point
method. The results given from th#donescrossing point method were very favorable
and fit nicely with results from other sources. The Jones method coupled with the
oven baskt method was very easy to use and is recommended to be used in future
testing of spontaneous material.

After investigating theraw data produced by the oven basket method there
were three different stages that were reached during a typical test rurirsiTéimage
reached was the ignition stagiich resulted when the reactiorside thesample ran
away thus producing a significant risetie centetemperature over a short period of
time. The second stageas a smoldering stage when the inside ofstmaple started
to smolderwhich could be sustainefibr a long period of timef the appropriate
amount of oxygen in the center of the sample was present. The final stage was a
flaming stage whiclwas an elevated temperature stage where flaming occurred if

enough fugloxygen and heat were prese#tfter the flaming stage was finished the

67



center temperature of the sample decreased to a final temperature at approximately
the oven temperature.

To use the FrankKamenetskii method critical temperature weresped using
the oven basket method. After testing the 5¢cm (75%), 7.5cm (77%) and 10cm (80%)
basket sizes it was concluded that every oven temperature tested led to ignition,
including ambient temperature (Z5). Later on in the testing stage the conceiotna
of the 5cm basket was reduced to 33.3% and 50% where a critical temperature was
pursued when testing the 5¢cm (33.3%) basket sizsub-critical test was found at an
oven temperature of 40 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 thelones version of therossing point method was very
easy to examine the raw data produced by tlem tmasket 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, 27.4KJ/mol, 16.97kJ/mol, 15.76kJ/mol and 11.7XJ/mol for
the 5cm (33.3%), 5cm (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 resartskihattab et a(4)
and Gross and Roberst(®) was graphed with the data from this research a very nice
decreasing trendias foundshowing further that as the concentration of linseed oil in

the sample increase the activation energy decreased.
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The calalation of P and Mor all basket sizeslso found favorable results
seen inTable4. 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 trersl for th
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 wa
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 RobertsonWhen the two sets of data were graphed together the Gross
data appared 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 are@’. This was done for the 10cm (80%) basket size with

an oven temgrature of 48C. 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 inceased 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 igniton.

Lastly, thetime to ignition was looked at closebor all three basket sizes
Ignition was determined when the center temperature of each sample started to

increase 1T per minutefor the 5cm (75%), 7.5% (77%) and 10cm (80%) basket

sizes and 2@ per minute for the 5cm (33.3%) and 5cm (50%) basket .si¥gken
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the ignition timedor all of thebasket sizes were found they were graphed with oven
temperature. It was concluded that as the oven temperature of the sample increased
asthe time to ignitim decreased. Also, as the oven temperature got very close to
ambient temperature (20) 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 sinereased 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 increasdutthermal diffusivity decreased and tensity 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.

Undersanding that the oven basket method coupled with the crossing point
method iseasy, cheap and effectivall only expand the knowledge of spontaneous
materialsand their tendenciesThe method for using both the oven basket method
and the crossing point ethod described in this research is effective, accurate,
understandableavay of testing and analyzing spontaneous ignition resultsis
understood that linseed oil soaked ralijee any other spontaneous matermle a
dangerous combination when ndéealt with properly andvith the help of these
methodsfuture products like this will be able to be testglile saving materials,

time, energy and ultimately money.
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6. Appendx
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Figure 6.1: 10cm- 47°C i 80% Concentration
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Figure 6.2: 10cm- 48°C i 80% Concentrationi Test 1
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Figure 6.3: 10cm- 48°C i 80% Concentrationi Test 2
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Figure 6.4: 10cm- 49°C i 80% Concentration
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Figure 6.5: 10cm- 50°C i 80% Concentration
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Figure 6.8: 10cm- 90°C i 80% Concentration
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Figure 6.9: 10cm- 100°C 1 80% Concentrationi Test 1
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Figure 6.10: 10cm- 100°C i 80% Concentrationi Test 2
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Figure 6.11: 10cm- 10C°C i 80% Concentrationi Test 3
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Figure 6.13; 7.5cm- 22°C i 77% Concentration
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Figure 6.14: 7.5cm- 44°C i 77% Concentration
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Figure 6.15: 7.5cm- 45°C i 77% Concentrationi Test 1
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Figure 6.16: 7.5cm- 45°C 1 77% Concentrationi Test 2
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Figure 6.17: 7.5cm- 47°C i 77% Concentration
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Figure 6.19: 7.5cm- 55°C i 77% Concentration
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Figure 6.21: 7.5cm- 70°C i 77% Concentration
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Figure 6.23: 7.5cm- 100°C i 77% Concentration
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84

500 600



Temperature (°C)

Temperature (°C)

5cm -45°C- 75% Concentration

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

= = -OvenTemp

180
Time (minutes)
Figure 6.26: 5cm- 45°C 1 75% Concentration
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Figure 6.27: 5cm-50°C 1 75% Concentration
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Figure 6.29: 5cm- 70°C 1 75% Concentration
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Figure 6.33 5cm- 125°C 1 75% Concentration
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Figure 6.35: 5cm- 175°C 1 75% Concentration
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Figure 6.37: 5cm - 35°C 1 75% Concentration
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Figure 6.39: 5cm- 31°C 1 75% Concentration
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Figure 6.40: 5cm- 26°C 1 75% Concentration
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Figure 6.41: 5cm- 20°C 1 75% Concentration
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Figure 6.43 5cm- 90°C i 50% Concentation
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Figure 6.45: 5cm- 125°C 1 50% Concentration
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Figure 6.47: 5cm- 160°C 1 50% Concentration
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Figure 6.48: 5cm- 39°C i 33.3% Concentration
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Figure 6.49: 5cm- 40°C i 33.3% Concentration
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Figure 6.51: 5cm- 42°C i 33.3% Concentation
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Figure 6.53: 5cm-50°C i 33.3% Concentration
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Figure 6.54: 5cm-90°C i 33.3% Concentration
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Figure 6.55: 5cm - 100°C 1 33.3% Concentration
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Figure 6.56: 5cm- 125°C i 33.3% Concentration
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Figure 6.57: 5cm- 150°C 1 33.3% Concentration
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Figure 6.59: 5cm- 80°C i 33.3% Concentration
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Figure 6.61: 10cm- 48°C 1 80% Concentrationi Center crosses Oveii Test 1
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Figure 6.63: 10cm- 49°C i1 80% Concentration i Center crosses Oven
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Figure 6.65: 10cm- 60°C 1 80% Concentrationi Center cosses Oven
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Figure 6.67: 10cm-90°C 1 80% Concentrationi Center crosses Oven
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