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A b s t r a c t 

Ethanol candle in enclosed environment: Non-repeatability of measuring 

final percent O sub 2 

by David Alan Bennett 

Paraffin wax tea light candles and ethanol-fuel candles are 

ignited within an enclosed, plexiglass and glass environment 

in an a t tempt to create a model of burn time before self-

extinction of various candles regardless of type, size, and the 

volume and shape of the enclosed container. A lower limit of 

final percent O sub 2 is found that is consistent with theory, but 

these experiments do not always reach this limit, leading to 

non-repeatability. Many factors, such as the relevant fluid 

dynamical and flame dynamical systems, known combustion 

models such as the those given by the National Institute 

of Standards and Technology and the Boussinesq model of 

buoyant combustion, and other current combustion studies 

have been considered and controlled for without success. 
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1. I N T R O D U C T I O N 

Despite the general consensus tha t candles have been in use since the 

first century [1] the first real, comprehensive study of the physics of burn-

ing candles was conducted by Michael Faraday in 1861 [1][2]. More recent 

studies, however, have centered around more controlled flame and combus-

tion situations, namely in an effort to detail specific types of small flame 

burn processes [2]. 

However, the National Inst i tu te of Standards and Technology (N I S T ) 

has noted a need to study simple candles and basic candle-like objects, 

specifically in support of fire investigation [2]. Reports f rom the National 

Candle Association note tha t candle use in homes has been increasing since 

the 1990s, with candles being used in 7 out of 10 homes, with retail can-

dle sales exceeding approximately $2.3 billion with a 15% annual growth 

rate [2]. Wi th the heightened use of candles, there has been an increase 

in candle-related fires and accidents. The US Consumer Product Safety 

Commission estimated tha t in 1998 there were 12800 candle-related fires 

tha t resulted in 1200 injuries and 170 deaths [2]. The National Fire Pro-

tection Association estimated tha t in 2001 there were 18,000 candle-related 

structure fires resulting in 1500 injuries, 190 deaths, and $265 Million in 

property loss and damage [2]. Another study in 2002 noted tha t unat tended 
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candles were responsible for the major i ty of candle-related fires, followed by 

candles placed near combustible material [2]. Forty-five percent of candle-

related fires were discovered to have originated in the bedroom, with the 

most common combustible materials being bedding, curtains, blinds and 

drapery [2]. 

Despite the t rend of rising candle use and the subsequent rise in candle-

related fires, there is very little information regarding candle flame dynamics 

and candle burning available to help fire investigators [2]. Instead, there is 

a trend, necessary in most cases, of studying other fire phenomena, such 

as general enclosure fires, pre-mixed fuel fires, reactant fires, microgravity 

fires, and even wildfire phenomena such as fire whirls and wildland-urban 

interface flame behavior [4][3][6]. The motivation for this thesis is not only 

rooted in the suggestion of fur ther candle studies to help in fire prevention 

and investigation, but also in the field of flame and candle education. 

The National Candle Association asserts tha t there are over 350 candle 

manufacturers in the United States alone, where a ma jo r manufacturer may 

offer between 1000-2000 types of candles [2]. Hamins et al. note tha t the 

most common type of candle in modern use is the petroleum-derived paraf-

fin wax candle, specifically refined to contain a relatively low percentage of 

residual oil, although other candles may be manufactured from clear gels, 

stearic acid, and beeswax. Additives, such as dyes and fragrances, whose 
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actual experimental affect is uncertain, may be introduced to the wax, and 

are designed to not interfere with the actual burning of the candle, produc-

ing water and carbon dioxide as 'clean' combustion by-products. The most 

common type of wick is the cotton flat-braid wick, followed by the cored 

braid wick and square wick, with each type of wick designed to match the 

type of candle and wax being used [2]. 

As reported by the National Candle Association, common candle types 

include votive candles, column or pillar candles, taper candles, tea lights, 

luminaria, wax-filled or container candles, gel candles, floating candles, and 

speciality candles [2]. Votive candles, originally produced as white, un-

scented candles for religious purposes, are now produced with various dyes 

and scents. They are typically 50 m m to 60 m m high, 40 m m in diameter, 

and generally placed in a cup or glass container to collect the liquified wax. 

Column or pillar candles tend to be free-standing, rigid and thick, with vary-

ing heights and diameters. Taper candles are designed to be used in candle 

holders such as candelabra. They are typically slender, from 0 point 15 m to point 45 

m in height. Tea lights are typically 40 m m high and 25 m m in diameter, 

with the wax poured into its own metal container. Luminaria are so-called 

paper lanterns, typically used for outdoor purposes. They generally consist 

of a votive candle placed in a paper bag whose bo t tom has be filled with 

sand, or a small votive candle placed within a housing tha t has paper sides. 
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Wax-filled or container candles are candles made by pour ing wax, usually 

dyed and scented, into a t in, special glass or po t te ry container. Gel candles 

are t ransparen t , typically formed with a rubber-like consistency f rom gelled 

synthet ic hydrocarbons or gelled mineral oils, poured into a container to 

hold its shape. Float ing candles t end to be shallow candles wi th a convex 

bo t tom, designed to float in water . Speciality candles include shaped and 

free-standing candles, such as candles shaped and dyed to resemble, for 

example, Chr is tmas decorations [2][7]. 

Paraff in wax is a mix ture of s traight-chain hydrocarbon molecules wi th 

a molecular formula of C sub n H sub 2 n plus 2, where 19 less than equal to n less than equal 

to 36 wi th an average 

value of 25. Manufac turers determine the appropriateness of a par t icular 

paraffin wax, depending upon what type of candle they wish to fabricate, by 

physical propert ies t ha t include the melt ing point , viscosity, odor, color, and 

oil content . Hamins et al. note t ha t the most impor tan t physical proper ty 

of paraffin wax to most manufac ture rs is t he melt ing point , which dictates 

wha t type of candle can be made due to, for example, how fast the wax 

melts, how much liquid wax will collect, and how much wax can be present 

t o b e g i n w i t h . T a p e r c a n d l e s , f o r e x a m p l e , h a v e a m e l t i n g p o i n t o f 5 9 degrees t o 6 5 degrees C [2]. 
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D e s p i t e t h e f a c t t h a t h e a t r e l e a s e p r o p e r t i e s o f p a r a f f i n w a x , s u c h a s t h e 

e f f e c t i v e h e a t o f c o m b u s t i o n , a r e n o t o f g e n e r a l i n t e r e s t t o c a n d l e m a n u -

f a c t u r e s , c e r t a i n h e a t r e l e a s e p r o p e r t i e s a r e n e c e s s a r y t o u n d e r s t a n d t h e 

c h a r a c t e r i s t i c s o f c a n d l e flames u n d e r l a b o r a t o r y c o n d i t i o n s [2]. F o r e x -

a m p l e , t h e h e a t o f c o m b u s t i o n o f b u r n i n g w a x i s n e c e s s a r y t o u n d e r s t a n d 

g e n e r a l b e h a v i o r o f a b u r n i n g c a n d l e , a n d t h e h e a t r e l e a s e r a t e o f a c a n d l e 

h a s a d i r e c t b e a r i n g o n t h e c a n d l e ' s h e a t flux d i s t r i b u t i o n [2][8] . 

T h e effective heat release rate o f a c a n d l e flame, heat transfer per unit, i s g i v e n b y 

heat transfer per unit equals chi a dot rate of mass transfer dot H sub c, 

w h e r e rate of mass transfer i s t h e m a s s b u r n i n g r a t e o f t h e f u e l , chi a i s t h e c o m b u s t i o n e f f i c i e n c y , 

a n d H sub c i s t h e n e t h e a t o f t h e c o m p l e t e c o m b u s t i o n o f t h e f u e l [2]. N o t e 

t h a t b o t h rate of heat transfer a n d rate of mass transfer a r e d e r i v a t i v e s w i t h r e s p e c t t o t i m e , a n d b y d e f i n i t i o n , 

0 less than equal to chi sub a less than equal to 1, v a r y i n g f o r d i f f e r e n t f u e l s . A l s o , 

Delta h sub c sub e sub f sub f equals chi a dot H sub c 

i s t h e effective heat of combustion, s o rate of heat transfer m a y b e w r i t t e n a s rate of heat transfer equals rate of mass 

transfer dot Delta h sub c sub e sub f sub f 
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T h e r a d i a t i v e h e a t l o s s f r a c t i o n , chi r , c h a r a c t e r i z e s t h e r a d i a t i v e e m i s s i o n 

f r o m a flame, i n f l u e n c i n g c a n d l e b u r n i n g b e h a v i o r . I t i s g i v e n b y chi r equals rate of heat transfer 
divided by rate of mass transfer dot H sub c 

w h e r e rate of heat transfer i s t h e r a t e o f r a d i a t i v e e n e r g y r e l e a s e d t o t h e s u r r o u n d i n g s , a n d 

t h e p r o d u c t rate of mass transfer dot H sub c i s t h e h e a t r e l e a s e r a t e [2]. 

T h e p h y s i c a l p r o p e r t i e s o f p a r a f f i n w a x c a n b e f o u n d t h r o u g h o u t t h e 

l i t e r a t u r e . F o r e x a m p l e , t h e m e l t i n g p o i n t i s 4 8 to 6 8 degrees C . T h e c o n g e a l i n g 

p o i n t i s 6 6 to 6 9 degrees C . T h e flash p o i n t i s 2 0 4 to 2 7 1 degrees C . T h e fire p o i n t i s 2 3 8 to 6 3 degrees 

C . T h e b o i l i n g p o i n t i s 3 5 0 to 0 degrees C . T h e d e n s i t y a t r o o m t e m p e r a t u r e i s 

8 6 5 to 9 1 3 k g forward slash m cubed. The k i n e m a t i c v i s c o s i t y a t 1 0 0 degrees C i s 3 point 1 to 7 . 1 m m squared forward slash 

s . T h e v a p o r p r e s s u r e a t 1 0 0 degrees C i s 2 point 6 7 k P a . T h e n e t h e a t o f c o m b u s t i o n i s 4 3 . 1 

M J forward slash k g . T h e g r o s s h e a t o f c o m b u s t i o n i s 4 6 point 2 M J forward slash k g . T h e l a t e n t h e a t o f 

f u s i o n i s 0 point 1 4 7 to 0 point 1 6 3 k J forward slash g . T h e s p e c i f i c h e a t a t 3 5 to 4 0 degrees C ( s o l i d ) i s 2 point 6 0 4 

k J forward slash k g K . T h e s p e c i f i c h e a t a t 6 0 to 6 3 degrees C ( l i q u i d ) i s 2 point 9 8 1 k J forward slash k g K . T h e 

t h e r m a l c o n d u c t i v i t y a t r o o m t e m p e r a t u r e i s 0 point 2 3 W forward slash m K . T h e a v e r a g e 

m e l t e d w a x t e m p e r a t u r e a r o u n d t h e b a s e o f t h e w i c k i s 8 2 to 8 5 degrees C . T h e 

m a x i m u m flame t e m p e r a t u r e i s 1 4 0 0 degrees C [2]. 

F o r t h i s s t u d y , s m a l l , p a r a f f i n w a x v o t i v e c a n d l e s w e r e i n i t i a l l y u s e d , f o l -

l o w e d m o r e e x t e n s i v e l y b y t e a l i g h t s . T h e m o t i v a t i o n b e h i n d t h e s t u d y w a s 

t o d e t e r m i n e a n d p r e d i c t , b y p h y s i c a l p r o p e r t y a n a l y s i s , t h e e f f e c t i v e b u r n 
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t ime of a single candle placed within a sealed container. Open environment 

candle studies are more prevalent t han closed container studies, and tend 

to focus on, for example, soot creation, flame point study, heat flux study, 

heat ra te versus time, and mass loss versus t ime [2][1]. Closed container 

studies are less useful for bo th manufacturers and fire investigators since, 

for a sealed container to have a prominent effect on a candle within it—such 

as self-extinguishing of the candle flame due to lack of oxygenated fuel or 

the build-up of spent product—the container must be sized relative to tha t 

of the candle. The larger the container, the longer the candle will burn 

before being extinguished, but the larger the container, the closer the study 

becomes to tha t of an open-container situation. A candle in a relatively-

sized closed container is not necessarily useful for manufacturers and not 

traditionally significant to fire investigation. 

As the study progressed, the paraffin wax candles were replaced with glass 

candles tha t contained a wick dipped into an ethanol mixture fuel. This 

replacement was made to bet ter a t t empt to control the physical properties 

of the candle within the container, in an effort to unders tand the results of 

the study itself. The molecular formula for ethanol is C sub 2 H sub 6 O. The density 

i s 0 point 7 8 9 g forward slash c m cubed. T h e m e l t i n g p o i n t i s minus 1 1 4 degrees C . T h e b o i l i n g p o i n t i s 7 8 

degrees C . T h e v a p o r p r e s s u r e a t 2 0 degrees C i s 5 point 9 5 k P a . T h e v i s c o s i t y a t 2 0 degrees C i s 0 point 0 0 1 2 
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P a hyphen s . T h e flash p o i n t i s 1 3 to 1 4 degrees C . T h e a u t o i g n i t i o n t e m p e r a t u r e i s 3 6 2 degrees C [ 9 ] . 

2 . F L U I D A N D F L A M E D Y N A M I C S 

2 . 1 . T h e N a v i e r - S t o k e s E q u a t i o n . A fluid a t r e s t e x h i b i t s n o s h e a r s t r e s s a n d e x p e r i e n c e s i s o t r o p i c p r e s s u r e , m e a n i n g t h e 

p r e s s u r e f o r c e s a c t i n a l l d i r e c t i o n s w i t h e q u a l m a g n i t u d e . F o r t h i s s i m p l i f i e d c a s e , t h e f o r c e p e r u n i t m a s s t h a t a c t s o n t h e fluid a s a r e s u l t o f p r e s s u r e g r a d i e n t s a n d 

t h e w e i g h t o f t h e fluid i t s e l f h a s a c o m p o n e n t i n t h e x d i r e c t i o n g i v e n b y f 1 equals negative sign 1 divided by rho partial 

symbol p divided by partial symbol x minus g partial symbol z divided by partial symbol x comma 

w h e r e rho i s t h e d e n s i t y o f t h e fluid, p i s t h e i s o b a r i c p r e s s u r e , a n d g i s t h e a c c e l e r a t i o n d u e t o g r a v i t y . I f t h e fluid h a s v i s c o s i t y , p i s r e p l a c e d w i t h t h e p r e s s u r e i n t h e x 

d i r e c t i o n , p 1. I f t h e fluid i s a t t h e s a m e t i m e n o t a t r e s t , w e m u s t a l l o w f o r s h e a r f o r c e s a n d w e h a v e f 1 equals 1 divided by rho parenthesis negative sign partial symbol 

p 1 divided by partial symbol x plus partial symbol s 3 divided by partial symbol y plus partial symbol s 2 

divided by partial symbol z minus g partial symbol z divided by partial symbol x parenthesis 

comma where s sub 2 and s sub 3 are the shear stresses in the y and z directions respectively. 

Allowing the fluid to be incompressible and Newtonian, meaning the fluid 

obeys linear relationships between shear stress and rate deformation, then 
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p 1 m a y b e r e p l a c e d w i t h p 1 equals p plus 2 eta parenthesis partial symbol u 2 divided by partial symbol y plus 
partial symbol u 3 divided by partial symbol z parenthesis comma 

w i t h p r e s s u r e p , fluid v e l o c i t y u sub i a n d v i s c o s i t y c o n s t a n t eta. A t t h e s a m e 

t i m e , s 2 a n d s 3 m a y b e r e p l a c e d w i t h p e r m u t a t i o n s o f s 2 equals eta parenthesis partial symbol u 1 divided by partial 

symbol z plus partial symbol u 3 divided by partial symbol x parenthesis comma s 3 equals eta parenthesis partial symbol 

u 1 divided by partial symbol y plus partial symbol u 2 divided by partial symbol x parenthesis comma w h e r e 

eta partial symbol u 2 divided by partial symbol x, f o r e x a m p l e , i s t h e m a g n i t u d e o f t h e s h e a r s t r e s s n o r m a l t o t h e x a x i s . 

A s s u c h , f 1 m a y b e w r i t t e n i n t e r m s o f t h e s e c o n d d e r i v a t i v e s o f t h e fluid v e l o c i t y , 

f 1 equals negative sign parenthesis partial symbol divided by partial symbol x parenthesis p divided by rho plus g z 

parenthesis plus eta divided by rho parenthesis negative sign 2 partial symbol superscript 2 u 2 divided by partial symbol 

x partial symbol y minus 2 partial symbol superscript 2 u 3 divided by partial symbol x partial symbol z plus partial symbol 

squared u 1 divided by partial symbol y squared plus partial symbol superscript 2 u 2 divided by partial symbol y partial 

symbol x plus partial symbol superscript 2 u 3 divided by partial symbol z partial symbol x plus partial symbol superscript 2 u 1 

divided by partial symbol z squared parenthesis equals negative sign partial symbol divided by partial 

symbol x parenthesis p divided by rho plus g z parenthesis minus eta divided by rho curly 

brace partial symbol divided by partial symbol y parenthesis partial symbol u 2 divided by partial symbol x 

minus partial symbol u 1 divided by partial symbol y parenthesis minus partial symbol divided by partial 

symbol z parenthesis partial symbol u 1 divided by partial symbol z minus partial symbol u 3 divided by partial symbol x 

parenthesis curly brace. T h e e x p r e s s i o n i n c u r l y b r a c k e t s o n t h e r i g h t - h a n d s i d e o f t h e e q u a t i o n i s t h e x - c o m p o n e n t o f t h e v e c t o r e x p r e s s i o n del and omega, 

w h e r e del i s t h e g r a d i e n t a n d omega i s t h e l o c a l v o r t i c i t y , t h e t e n d e n c y o f t h e fluid t o " s p i n . " H o w e v e r , b y r e c o g n i z i n g t h a t s i m i l a r e x p r e s s i o n s m a y b e d e r i v e d f o r 

t h e f o r c e s f 2 a n d f 3 i n t h e y a n d z d i r e c t i o n s r e s p e c t i v e l y , t h e t o t a l f o r c e p e r u n i t a r e a a c t i n g 
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u p o n t h e fluid i n v e c t o r f o r m i s 

f equals negative sign del parenthesis p divided by rho plus g z parenthesis minus eta divided by rho del and omega. 

I f w e e q u a t e t h i s f o r c e e q u a t i o n t o t h e v e c t o r e q u a t i o n f o r t h e a c c e l e r a t i o n 

o f a fluid, D u divided by D t equals partial symbol u divided by partial symbol t plus parenthesis u 

dot del parenthesis u comma w h e r e t is time, we have (1) negative del p 

asterisk minus eta del and omega equals rho partial symbol u divided by partial 

symbol t plus rho parenthesis u dot del parenthesis u comma where p asterisk i s t h e e x c e s s m e a n p r e s s u r e given by 

p asterisk equals 1 divided by 2 rho parenthesis captial u squared minus lowercase u squared parenthesis comma 

f o r s o m e u n i f o r m fluid v e l o c i t y U [11] . 

E q u a t i o n ( 1 ) i s t h e " s i m p l e s t " v e r s i o n o f t h e Navier-Stokes Equation, 

w h i c h i s t h e e q u a t i o n o f m o t i o n f o r a fluid w i t h v i s c o s i t y a n d s h e a r s t r e s s 

[II]. Outside of complex computer simulations, few exact analytical solu-

tions are known for the Navier-Stokes equation. Analysis of Equat ion (1), 

however, can be done by making fur ther simplifying assumptions [10]. For 

example, if u dot del equals 0, the result may be used to study the low-speed gas 

flow approximations tha t occur in sealed compartment conditions, such as 
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t h o s e i n t h i s s t u d y [ 1 0 ] [ 1 2 ] . A s a n o t h e r e x a m p l e , t h e N I S T F i r e D y n a m -

i c s S i m u l a t o r ( F D S ) u s e s a n a p p r o x i m a t e f o r m o f E q u a t i o n ( 1 ) t h a t filters 

o u t a c o u s t i c w a v e s w h i l e a t t h e s a m e t i m e a l l o w i n g f o r l a r g e v a r i a t i o n s i n 

d e n s i t y a n d t e m p e r a t u r e [12] . 

2 . 2 . F l a m e D y n a m i c s . B o t h M c G r a t t a n e t a l . [12] a n d L i e p m a n n e t a l . 

[10] g i v e u s t h e g e n e r a l g o v e r n i n g e q u a t i o n s o f a N e w t o n i a n fluid, a s i l l u s -

t r a t e d i n t h e N I S T F D S . 

W e b e g i n w i t h N e w t o n ' s S e c o n d L a w f o r fluids, a n e q u a t i o n f o r t h e c o n s e r -

v a t i o n o f m o m e n t u m [12] . I t i s a l s o a v e r s i o n o f t h e N a v i e r - S t o k e s e q u a t i o n 

a s p r e s e n t e d a b o v e [10] . 

( 2 ) partial symbol divided by partial symbol t parenthesis rho u parenthesis plus del dot 
rho u u plus del p equals rho g plus f sub b plus del dot tau sub i j. 

A s a b o v e , p i s t h e fluid d e n s i t y , u i s t h e fluid v e l o c i t y , p i s t h e p r e s s u r e , t i s t i m e , g i s t h e a c c e l e r a t i o n d u e t o g r a v i t y , a n d f sub b r e p r e s e n t s e x t e r n a l f o r c e s , a s 

s e e n i n t h e d e r i v a t i o n o f E q u a t i o n ( 1 ) [ 1 2 ] . T h e t e r m u u i s a d i a d i c t e n s o r o f r a n k t w o , f o r m e d b y j u x t a p o s i n g p a i r s o f v e c t o r s t o g e t h e r w i t h m a n i p u l a t i o n 

r u l e s i n l i n e w i t h t h e r u l e s o f m a t r i x a l g e b r a [ 1 3 ] . L e t u equals square bracket u , v , w , square bracket superscript T. T h e n t h e d i a d i c i s t h e t e n s o r p r o d u c t o f u a n d u 

superscript T. S u b s e q u e n t l y , a p p l y i n g t h e v e c t o r o p e r a t o r del equals parenthesis partial symbol divided by partial symbol x comma partial symbol divided by partial 

symbol y comma partial symbol divided by partial symbol z parenthesis t o t h e t e n s o r y i e l d s t h e t e r m del dot rho u u. T h e 
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s t r e s s t e n s o r , tau sub i j i s g i v e n b y 
tau sub i j equals mu parenthesis 2 s sub i j minus 2 divided by 3 delta sub i j parenthesis del dot u parenthesis parenthesis comma 

delta sub i j equals curly brace 1 i equals j 0 i not equal to j 

w i t h s sub i j b e i n g t h e s h e a r s t r e s s e s g i v e n i n t h e d e r i v a t i o n o f E q u a t i o n ( 1 ) [12] . 

C o n s e r v a t i o n o f m a s s i s g i v e n i n t e r m s o f d e n s i t y , rho, b y 
(3) partial symbol rho divided by partial symbol t plus del dot rho u equals dotted m triple prime sub beta comma where dotted m 

triple prime sub beta equals sigma sub alpha dotted m triple prime sub beta comma alpha i s t h e p r o d u c t i o n r a t e o f g a s e o u s 

s p e c i e s b y evaporating p a r t i c l e s . E q u a t i o n ( 3 ) i s f o u n d b y t a k i n g t h e c o n s e r v a t i o n o f m a s s w i t h m a s s f r a c t i o n s o f i n d i v i d u a l 

g a s e o u s s p e c i e s Y sub alpha, partial symbol divided by partial symbol t parenthesis rho Y sub alpha parenthesis plus del Y sub 
alpha u equals del dot D sub alpha del Y sub alpha plus dotted m triple prime sub alpha plus dotted m triple prime sub beta 
comma alpha. 

S u m m i n g a c r o s s a l l g a s e o u s s p e c i e s y i e l d s E q u a t i o n ( 3 ) s i n c e sigma Y sub alpha equals 1 and sigma 

dotted m triple prime sub alpha equals 0 and, by definition, sigma dotted m triple prime sub beta, alpha equals 

dotted m triple prime sub beta. I t i s a s s u m e d , g e n e r a l l y i n c o r r e c t l y , t h a t t h e d i f f u s i o n flux sigma del dot D sub alpha del Y sub 

alpha i s z e r o . T h i s i n c o r r e c t a s s u m p t i o n i s a c c o u n t e d f o r s i n c e t r a n s p o r t e q u a t i o n s a r e g e n e r a l l y s o l v e d f o r t o t a l m a s s a n d a l l g a s 

s p e c i e s s a v e o n e , w h i c h i m p l i e s t h a t t h e d i f f u s i o n c o e f f i c i e n t f o r t h e c h o s e n u n s o l v e d s p e c i e s i s s u c h t h a t t h e s u m i s z e r o [12] . 
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T h e e q u a t i o n f o r t h e t r a n s p o r t o f s e n s i b l e e n t h a l p y , t h e e n e r g y r e q u i r e d 

t o t a k e t h e fluid f r o m o n e t e m p e r a t u r e s t a t e t o a n o t h e r , i s g i v e n b y 

(4) partial symbol divided by partial symbol t parenthesis rho h sub s parenthesis plus del dot rho h 
sub s parenthesis plus del dot rho h sub s u equals D p divided by D t plus dotted q superscript m minus dotted q superscript m sub 

beta del dot dotted q double prime plus epsilon comma w h e r e t h e a c t u a l s e n s i b l e e n t h a l p y i s g i v e n b y h sub s equals sigma sub alpha 

Y sub alpha h sub s alpha with h sub s alpha a f u n c t i o n o f t e m p e r a t u r e , T , w i t h s p e c i f i c h e a t , c sub p alpha, [ 1 2 ] , 
h sub s, alpha parenthesis T parenthesis equals integral superscript T sub T 0 c sub p, alpha parenthesis T prime parenthesis d T prime. 

T h e h e a t r e l e a s e r a t e p e r u n i t v o l u m e o f a c h e m i c a l r e a c t i o n i s g i v e n b y dotted q triple prime, 

w h i l e dotted q triple prime sub beta i s t h e e n e r g y t r a n s f e r r e d t o e v a p o r a t i n g d r o p l e t s . T h e c o n d u c t i v e a n d r a d i a t i v e h e a t fluxes a r e g i v e n b y dotted q 

double prime comma dotted q double prime equals negative sign k del T minus sigma above alpha h sub s, alpha rho D sub alpha del Y sub alpha plus 
dotted q double prime sub r comma 

w h e r e k i s t h e t h e r m a l c o n d u c t i v i t y , a n d dotted q double prime sub r i s t h e r a d i a t i v e t e r m . T h e epsilon 

i n E q u a t i o n ( 4 ) i s t h e d i s s i p a t i o n r a t e , t h e r a t e a t w h i c h k i n e t i c e n e r g y i s t r a n s f e r r e d t o t h e r m a l e n e r g y d u e t o v i s c o s i t y , 
epsilon congruent symbol tau sub i j dot del u equals mu parenthesis 2 s sub i j dot s sub i j minus two divided by three parenthesis del dot u parenthesis superscript 2 parenthesis 

w h e r e mu a n d s sub i j a r e a s a b o v e a n d tau sub i j i s t h e s t r e s s t e n s o r a l s o g i v e n a b o v e [ 1 2 ] . 
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T h e e q u a t i o n o f s t a t e f o r a p e r f e c t g a s i s g i v e n b y 

( 5 ) p equals rho R T divided by W bar 

w h e r e p i s p r e s s u r e , R i s t h e i d e a l g a s c o n s t a n t , T i s t h e t e m p e r a t u r e , a n d W bar i s t h e a v e r a g e v o l u m e [12] . 

A s m e n t i o n e d i n t h e d e r i v a t i o n o f t h e N a v i e r - S t o k e s e q u a t i o n , E q u a t i o n 

( 1 ) , t h e d i v e r g e n c e del dot u m a y p l a y a r o l e i n a l l o w i n g f o r t h e s t u d y o f low-speed g a s e s . M c G r a t t a n e t a l . [12] n o t e t h a t t h e 

d i v e r g e n c e t e r m i s f o u n d b y t a k i n g t h e d e r i v a t i v e a l o n g t h e p a t h o f v e l o c i t y o f t h e e q u a t i o n o f s t a t e , 

E q u a t i o n ( 5 ) , 
del dot u equals D plus P partial symbol P bar sub m divided by partial symbol t 

w h e r e 
P equals 1 divided by P bar sub m parenthesis R divided by W bar c sub P minus 1 parenthesis, 

w i t h P bar sub m a s t h e b a c k g r o u n d p r e s s u r e o f t h e m t h c o m p a r t m e n t o r e n c l o s u r e z o n e , a n d 
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I t s h o u l d b e n o t e d t h a t t h e p r e s s u r e w i t h i n t h e m t h c o m p a r t m e n t z o n e i s a l i n e a r c o m b i n a t i o n o f a b a c k g r o u n d c o m p o n e n t a n d a flow-induced 

p e r t u r b a t i o n , p parenthesis x, t parenthesis equals p bar sub m parenthesis z comma t parenthesis plus p tilde 

parenthesis x comma t parenthesis w h e r e p bar sub m parenthesis z comma t parenthesis i s a f u n c t i o n o f t h e v e r t i c a l b a c k g r o u n d c o m p o n e n t 

a n d t i m e t , a n d p tilde parenthesis x comma t parenthesis i s t h e p e r t u r b a t i o n a t l o c a t i o n 

x a t t i m e t . F o r l o w - s p e e d g a s a p p r o x i m a t i o n s , i t c a n b e a s s u m e d t h a t t e m p e r a t u r e a n d d e n s i t y a r e 

i n v e r s e l y p r o p o r t i o n a l , s o t h e e q u a t i o n o f s t a t e , E q u a t i o n ( 5 ) , f o r t h e m t h 

p r e s s u r e z o n e m a y b e w r i t t e n a s p bar sub m equals rho T R sigma parenthesis Y sub alpha divided by W sub alpha parenthesis 

equals rho T R divided by W bar. 

A s s u m i n g a l a r g e e n c l o s u r e o r c o m p a r t m e n t fire, o r a n o n - s e a l e d compartment fire, p bar sub m c h a n g e s v e r y l i t t l e . I n f a c t , t h e 

c h a n g e i n b a c k g r o u n d p r e s s u r e partial symbol p bar sub m forward slash partial symbol t i s n o n - z e r o o n l y if t h e c o m p a r t m e n t o r e n c l o s u r e 

i s t i g h t l y s e a l e d , a s i n t h e c u r r e n t s t u d y . S u b s e q u e n t l y , i n t h i s s t u d y , p bar sub m c a n n o t b e considered a c o n s t a n t d u e t o t h e 

d e c r e a s e o r i n c r e a s e o f t h e r m a l e n e r g y a n d m a s s w i t h i n t h e e n c l o s u r e [12] . A s s u c h , l e t t h e t i m e d e r i v a t i v e o f t h e m t h 

p r e s s u r e z o n e b e omega sub m. I n o r d e r t o i n s u r e t h a t a fire o r flame l i t w i t h i n a s e a l e d e n c l o s u r e l e a d s t o a n a p p r o p r i a t e d e c r e a s e 

i n t h e d i v e r g e n c e w i t h i n t h e c o n t a i n e r , omega sub m i s f o u n d b y s o l v i n g t h e d i v e r g e n c e e q u a t i o n g i v e n a b o v e 
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f o r partial symbol p bar sub m forward slash partial symbol t a n d t h e n i n t e g r a t i n g [12] , partial symbol p bar divided by partial symbol 
t equals integral omega sub m D d V minus integral partial symbol omega sub m u dot d S  

divided by integral omega sub m P d V. 2 . 3 . F l a m e P h e n o m e n a . A s s e e n a b o v e , t h e g o v e r n i n g e q u a t i o n s o f fire 

a n d c o m b u s t i o n a r e c o m p l i c a t e d . M o d e l i n g fire b e h a v i o r , w h i c h i s n e e d e d 

t o u n d e r s t a n d c o m b u s t i o n p h y s i c s a s w e l l a s a s s i s t i n fire p r e v e n t i o n a n d 

i n v e s t i g a t i o n [14] [12] i s e v e n f u r t h e r c o m p l i c a t e d b y t h e c o n d i t i o n s a n d e n -

v i r o n m e n t o f t h e fire i t s e l f . 

F o r e s t fires, f o r e x a m p l e , a r e a f f e c t e d b y a n u m b e r o f f a c t o r s , i n c l u d i n g 

a v a i l a b l e f u e l , a v a i l a b i l i t y ( o r l a c k ) o f l o c a l i z e d m o i s t u r e , a n d t h e t o p o g r a -

p h y o f t h e g i v e n t e r r a i n , a s w e l l a s t h e i g n i t i o n a n d c o o l i n g s e q u e n c e s o f t h e 

i n d i v i d u a l fire [3]. M o d e l i n g a n d s t u d y o f f o r e s t fires, b y n e c e s s i t y , r e q u i r e s 

t h e m o d e l i n g o f r o u g h l y s e v e n s t a g e s o f c o m b u s t i o n , n a m e l y p r e h e a t i n g a n d 

p y r o l y s i s , i g n i t i o n , i n i t i a l g r o w t h , s e c o n d a r y g r o w t h , flame d e c a y , flame e x -

t i n c t i o n , a n d c o o l i n g [3]. D e s p i t e t h i s b r e a k d o w n , m o d e l i n g o f f o r e s t fires i s 

e v e n f u r t h e r c o m p l i c a t e d b y p h e n o m e n a o f fluid a n d fire d y n a m i c s t h a t a r e 

i n d e p e n d e n t o f t h e a b o v e c o m b u s t i o n p h a s e s . F i r e w h i r l s , f o r e x a m p l e , p o s e 

a r a r e , a l b e i t c a t a s t r o p h i c d a n g e r [4]. F i r e w h i r l s a r e c y c l o n e - l i k e p h e n o m -

e n a w h e r e t h e fire i s a c t e d o n b y a s o u r c e o f a n g u l a r m o m e n t u m ( w i n d , f o r 

e x a m p l e ) w h i c h c a u s e s w h i r l s t o a p p e a r t h a t a r e a w i d e v a r i e t y o f v e l o c i t i e s 

a n d l e n g t h s c a l e s [4]. L a b o r a t o r y e x p e r i m e n t s o f a 1 point 5-foot-high flame p l a c e d 
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within a 8-foot-diameter, 10-foot-high screen enclosure demonstrated tha t when 

the screen was rota ted at merely 4 r p m, the flame grew to height of 15 feet, 

illustrating tha t even a gentle breeze generated by heated air can cause a 

heightened danger [4]. 

Enclosure fires, on the other hand, are equally, if not more so, com-

plicated to model [14]. Often sub-models of turbulence, combustion, and 

radiative heat , whose strong interactions give rise to increasing complex-

ity, are needed to model and study enclosed fires [14]. Despite the current 

adequacy of sub-models tha t deal with turbulence, thermal radiation, com-

pressibility, and buoyancy, sub-models for turbulent combustion are lacking, 

since gasification and pyrolysis are difficult to model within an enclosure 

[14]. Added to this, physical interactions and phenomena are not necessar-

ily understood within enclosure interaction. For example, the physical and 

chemical interactions between water spray and a fire plume are not fully 

understood, despite the wide use of water spraying sprinklers as fire sup-

pressants and protection [15]. Furthermore, fluid dynamical effects, which 

do not inherently originate with combustion, may play a part in complicat-

ing the model or study of an enclosure fire. The Coanda effect, for example, 

is a tendency of a fluid moving with some velocity to be a t t rac ted towards 

or curl around a nearby surface; an example is seen when liquid is being 

poured from a vessel and the liquid curls around the rim despite being 
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p o u r e d , d r i p p i n g a l o n g t h e e d g e [11] . D e s p i t e b e i n g d i s c u s s e d a s e a r l y a s 

1 8 0 0 [16] a n d b e i n g d i s c o v e r e d a s a n a p p l i c a t i o n i n 1 9 1 0 [16] t h e C o a n d a 

e f f e c t p l a y e d a n u n e x p e c t e d r o l e i n t h e 1 9 8 7 K i n g ' s C r o s s fire, w h i c h r e -

s u l t e d i n t h e d e a t h s o f 3 1 p e o p l e [17] . T h e C o a n d a e f f e c t c o m b i n e d w i t h a 

flashover e f f e c t c o m m o n l y f o u n d i n fire d y n a m i c s ( w h e r e n e a r b y m a t e r i a l i s 

s u p e r h e a t e d i n t h e p r e s e n c e o f a n e a r b y flame t h a t i t i s n o t i n d i r e c t c o n t a c t 

w i t h , p r o m p t l y i g n i t i n g ) t o f o r m a t r e n c h e f f e c t w h e r e b y flames l a i d d o w n 

b e l o w t h e w a l l s o f a n e s c a l a t o r , r e m a i n i n g u n s e e n b y fire fighters a d j a c e n t 

t o t h e e s c a l a t o r u n t i l t h e flashover e f f e c t c a u s e d t h e fire t o s p e w f r o m t h e 

m o u t h o f t h e e s c a l a t o r , c a u s i n g m a j o r d a m a g e [ 1 7 ] [ 1 8 ] . 

2 . 4 . O x y g e n L e v e l a t F l a m e E x t i n c t i o n . T h e N a t i o n a l I n s t i t u t e o f 

S t a n d a r d s a n d T e c h n o l o g y n o t e s " a d i f f u s i o n flame i m m e r s e d i n a v i t i a t e d 

a t m o s p h e r e w i l l e x t i n g u i s h b e f o r e c o n s u m i n g a l l t h e a v a i l a b l e o x y g e n f r o m 

t h e a t m o s p h e r e " [12] . F o r u s e w i t h i n t h e N I S T F i r e D y n a m i c s S i m u l a t o r 

( F D S ) , s t u d i e s o n s m a l l c o n t r o l l e d - v o l u m e e n v i r o n m e n t s w e r e c o n d u c t e d . 

W i t h i n t h e c o n t r o l v o l u m e w i t h a b u l k t e m p e r a t u r e T sub m, a m a s s m , a n d 

a n a v e r a g e s p e c i f i c h e a t C sub p bar, c o m p l e t e c o m b u s t i o n o f t h e o x y g e n c o n t a i n e d 

t h e r e i n w o u l d r e l e a s e e n e r g y g i v e n b y 

Q equals m Y sub 0 2 parenthesis delta H divided by r sub 0 2 parenthesis 
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w h e r e Y sub 0 2 i s t h e o x y g e n m a s s f r a c t i o n a n d delta H forward slash r sub 0 2 h a s a c o n s t a n t v a l u e o f 

a p p r o x i m a t e l y 1 3 1 0 0 k J forward slash k g f o r m o s t f u e l s o f i n t e r e s t . F o r a d i a b a t i c c o n d i -

t i o n s , t h e b u l k t e m p e r a t u r e o f t h e g a s e s w i t h i n t h e c o n t r o l v o l u m e w o u l d b e 

r a i s e d b y t h e e n e r g y r e l e a s e d d u e t o t h e c o m b u s t i o n o f t h e a v a i l a b l e o x y g e n . 

T h i s i s d e m o n s t r a t e d b y 

Q equals m c sub p bar parenthesis T sub f minus T sub m parenthesis, 

w h e r e T sub f i s t h e final t e m p e r a t u r e a f t e r flame e x t i n c t i o n , a n d C sub p bar c a n b e 

c a l c u l a t e d b a s e d u p o n t h e c o m p o s i t i o n o f t h e c o m b u s t i o n p r o d u c t s , 
c sub p bar equals 1 divided by T sub f minus T sub m sigma above alpha integral superscript T sub f sub T m c sub p, alpha 

parenthesis T parenthesis d t. 

F o r t h e s t u d i e s u s e d w i t h i n t h e F D S , t h e c o m b u s t i o n p r o d u c t s a r e a s s u m e d 

h a v e a n a v e r a g e s p e c i f i c h e a t o f 1 point 2 k J forward slash k g forward slash K f o r t h e t e m p e r a t u r e r a n g e 

o f i n t e r e s t i n o r d e r t o s i m p l i f y t h e a n a l y s i s . T h i s v a l u e i s s i m i l a r t o t h e 

s p e c i f i c h e a t o f n i t r o g e n , t h e p r i m a r y c o m p o n e n t o f t h e c o m b u s t i o n p r o d u c t s 

t h e m s e l v e s [12] . 

B y e q u a t i n g b o t h o f t h e a b o v e e q u a t i o n s f o r Q , t h e r e l a t i o n s h i p b e t w e e n t h e o x y g e n m a s s f r a c t i o n a n d t h e a d i a b a t i c t e m p e r a t u r e r i s e w i t h i n t h e 

c o n t r o l v o l u m e c a n b e e v a l u a t e d . A s s u c h , Y sub 0 2 equals c sub p bar parenthesis T sub f minus T sub m parenthesis divided by delta H divided by r sub 0 2. 
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L e t t i n g t h e c r i t i c a l a d i a b a t i c flame t e m p e r a t u r e h a v e a c o n s t a n t v a l u e o f 

a p p r o x i m a t e l y 1 7 0 0 K f o r t y p i c a l h y d r o c a r b o n d i f f u s i o n flames, t h e r e l a -

t i o n s h i p b e t w e e n t h e l i m i t i n g o x y g e n m a s s f r a c t i o n — t h e m a s s f r a c t i o n o f 

e x t i n c t i o n — a n d t h e b u l k t e m p e r a t u r e T sub m o f t h e c o n t r o l v o l u m e i s 
Y sub 0 2, lim equals c sub p bar 

F o r a c o n t r o l v o l u m e n e a r r o o m t e m p e r a t u r e , i . e . , a p p r o x i m a t e l y 3 0 0 K , t h e 

l i m i t i n g o x y g e n m a s s f r a c t i o n w o u l d b e g i v e n b y 

, 

w h i c h i s c o n s i s t e n t w i t h e x p e r i m e n t s t h a t m e a s u r e d t h e o x y g e n c o n c e n t r a -

t i o n a t e x t i n c t i o n , finding t h e m t o b e 1 2 . 4 % t o 1 4 . 3 % . A s s u c h , t h e F D S 

i s h a r d - c o d e d w i t h a d e f a u l t v a l u e o f 1 5 % f o r t h e o x y g e n l e v e l a t flame 

e x t i n c t i o n w i t h i n a c o n t r o l e n v i r o n m e n t [12] . 

3 . M e t h o d s 

T h e m o t i v a t i o n f o r t h i s p r o j e c t w a s t o g e n e r a t e a m o d e l t h a t w o u l d p r e -

d i c t t h e b u r n t i m e b e f o r e e x t i n c t i o n o f a c a n d l e p l a c e d w i t h i n a s e a l e d 

c o n t a i n e r , b a s e d u p o n c o n t a i n e r v o l u m e a n d t y p e o f c a n d l e . I n i t i a l l y , t o 

d e t e r m i n e t h e b a s i c f e a s i b i l i t y o f t h e p r o p o s e d p r o j e c t , a s i n g l e p a r a f f i n t e a 

l i g h t w a s p l a c e d i n s i d e a n u p t u r n e d c y l i n d r i c a l g l a s s v a s e , w i t h v a s e s i z e s 

r a n g i n g f r o m 7 0 0 m l t o 1 2 0 0 m l . T h e c a n d l e w a s p l a c e d o n a s m a l l , r a i s e d 
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p l a t f o r m w i t h i n a m e t a l c o o k i n g s h e e t , w i t h a l a y e r o f w a t e r l i n i n g t h e s h e e t 

t o a d e p t h o f r o u g h l y o n e c e n t i m e t e r . T h e g l a s s v a s e w a s p l a c e d o p e n - s i d e 

d o w n o v e r t h e b u r n i n g c a n d l e , t h e e d g e o f t h e o p e n i n g o f t h e v a s e b e n e a t h 

t h e s u r f a c e o f t h e w a t e r , e f f e c t i v e l y s e a l i n g t h e i n t e r i o r o f t h e v a s e f r o m 

t h e s u r r o u n d i n g a i r . T i m e m e a s u r e m e n t s w e r e t a k e n t o d e t e r m i n e r o u g h 

e x t i n g u i s h i n g t i m e s f o r t h e c a n d l e flame u n d e r t h e v a r i o u s v a s e s i z e s . 

P a r a f f i n t e a l i g h t s w e r e t h e n p l a c e d o n i n v e r t e d 2 0 0 m l g l a s s b e a k e r s 

w i t h i n t w o g l a s s fish a q u a r i u m s , o n e 5 g a l l o n ( 4 0 . 0 c m by 2 0 point 4 c m by 2 3 point 3 c m ) , 

o n e 1 0 g a l l o n ( 5 0 point 1 c m by 2 9 point 8 c m by 2 7 point 5 c m ) . T h e a q u a r i u m s w e r e p l a c e d o p e n -

e n d d o w n i n t o a p l a s t i c t u b ( 5 6 point 4 c m by 3 7 point 8 c m by 1 5 point 5 c m ) filled w i t h w a t e r t o 

a h e i g h t o f 2 point 5 c m , o n c e a g a i n f o r m i n g a i r t i g h t c o n d i t i o n s w i t h i n t h e r e s p e c -

t i v e a q u a r i u m s . T h e m a s s o f e a c h p a r a f f i n t e a l i g h t w a s r e c o r d e d t w i c e , 

o n c e p r i o r t o i g n i t i o n a n d a g a i n a f t e r flame e x t i n c t i o n , t o d e t e r m i n e m a s s -

l o s s d u r i n g c o m b u s t i o n . T i m e m e a s u r e m e n t s w e r e t a k e n u n t i l flame s e l f -

e x t i n g u i s h i n g , a n d b r o a d - s p e c t r u m P a s c o l i g h t s e n s o r s ( P S hyphen 2 1 5 0 , s p e c t r a l 

r e s p o n s e 3 0 0 n m t o 1 0 0 0 0 n m ) w e r e u s e d i n a n a t t e m p t t o d e t e r m i n e e x a c t 

p o i n t o f flame e x t i n c t i o n . T h e l i g h t s e n s o r s w e r e p l a c e d o u t s i d e t h e g i v e n 

a q u a r i u m , i n i t i a l l y d i r e c t l y a b o v e t h e flame l o c a t i o n , s e v e r a l c e n t i m e t e r s 

a b o v e t h e g l a s s , a n d t h e n i n a l a t e r a l p o s i t i o n , a i m e d a t t h e flame l o c a t i o n 

t h r o u g h t h e s i d e o f t h e a q u a r i u m . A l a y e r o f w a t e r 1 c m i n d e p t h w a s p l a c e d 
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a t o p t h e i n v e r t e d a q u a r i u m t o e n s u r e t h a t t h e g l a s s d i d n o t f r a c t u r e d u e t o 

h e a t d u r i n g t h e e x p e r i m e n t . 

A p l e x i g l a s s c o n t a i n e r ( 3 5 point 7 c m by 2 7 point 6 c m by 2 7 point 5 c m ) w a s t h e n d e s i g n e d a n d 

b u i l t t o a l l o w f o r g r e a t e r c o n t r o l o f t h e i g n i t i o n o f t h e c a n d l e w i t h r e g a r d t o 

i n i t i a l o x y g e n l e v e l s w i t h i n t h e c o n t a i n e r — t h e u s e o f t h e i n v e r t e d a q u a r i u m s 

r e q u i r e d t h a t t h e t i m e b e t w e e n c a n d l e i g n i t i o n a n d t h e p l a c e m e n t o f t h e 

i n v e r t e d a q u a r i u m o v e r t h e c a n d l e , i n t o t h e w a t e r , c r e a t i n g t h e s e a l , w a s 

n o n - t r i v i a l . A h o l e ( 1 2 . 0 m m d i a m e t e r ) w a s d r i l l e d w i t h i n o n e o f t h e s i d e s o f 

t h e c o n t a i n e r , t h e h o l e j u s t l a r g e e n o u g h t o a l l o w t h e p a s s a g e o f t h e n o z z l e 

o f a b u t a n e l i g h t e r ( 1 0 . 0 m m d i a m e t e r ) , w h i c h w o u l d i g n i t e t h e c a n d l e 

a f t e r t h e c o n t a i n e r w a s s e a l e d , t h e l i g h t e r t h e n b e i n g r e m o v e d a n d t h e h o l e 

q u i c k l y s e a l e d w i t h m a s k i n g t a p e . A n e t h a n o l m i x c a n d l e ( 2 0 0 m l ) w a s 

p l a c e d w i t h i n t h e c o n t a i n e r , i n t h e c e n t e r o f t h e b o t t o m p l e x i g l a s s p l a t e , 

8 point 5 c m f r o m t h e f r o m t h e f r o n t w a l l . A P a s c o o x y g e n s e n s o r ( P S hyphen 2 1 2 6 ) w a s 

t h e n p l a c e d w i t h i n t h e c o n t a i n e r , w i t h i n o n e o f t h e v a r i o u s g r i d l o c a t i o n s 

l o c a t e d o n t h e s i d e o f t h e c o n t a i n e r . T h e l o c a t i o n o f t h e s e n s o r v a r i e d p e r 

t e s t r u n . A P a s c o l i g h t s e n s o r ( P S hyphen 2 1 5 0 ) w a s a f f i x e d a b o v e t h e t o p o f t h e 

c o n t a i n e r , d i r e c t l y i n l i n e w i t h t h e c a n d l e l o c a t i o n , a i m e d d o w n w a r d s ( s e e 

Figure 1 and Appendix: Figures 28 and 29). 

A w a x r i n g ( 1 point 1 c m t h i c k n e s s ) w a s p o u r e d a r o u n d t h e e d g e o f t h e t o p 

p l a t e o f t h e c o n t a i n e r , a n d w a t e r ( 1 . 0 c m d e p t h ) w a s p l a c e d w i t h i n t h e 
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FIGURE 1. Experimental apparatus. 1: Light sensor (P S hyphen 

2150). 2: O sub 2 sensor (P S hyphen 2126). 3: Ethanol candle. 4: Data-

logger (P S hyphen 2002). 

wax ring in an effort to keep the top panel from fracturing due to heat 

during the experiment. Between each run of the experiment, the plexiglass 

walls were wiped down to remove excess condensation and a delay time of 
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20 minutes was allowed for the return of the atmosphere within the now-

opened enclosure to re turn to atmospheric baseline. 

Further testing was done with the mass loss rate of paraffin wax tea lights, 

as tea lights were placed upon a scale and burned, bo th in open air and 

within the closed, plexiglas container. 

The ethanol candle was then placed within the enclosed container, a top 

a wooden block measuring 127 m m by 86 m m by 37 m m. By rotat ing the block 

along its sides for each experiment, candle heights of 37 m m, 86 m m, and 

127 m m were achieved. For each height placement, the ethanol mass loss 

was measured against burn time, with a control run where the candle was 

placed alongside the block within the enclosure, the candle at 0 m m height. 

The distance the ethanol within a given candle had to travel up the wick 

to reach the ignition point was measured by fixing the length of the wick 

and varying the height of the ethanol. Mass loss for a fixed burn time was 

then recorded for each ethanol height. 

Finally, the shape of the tip of the wick was studied during combustion. 

The three shapes studied were the control shape—the unmodified wick— 

an equilateral tr iangular-shaped tip, and a flat, rectangular-shaped wick. 

Two sets of experiments were run with each shape, each with a five minute 

burn time. The second run involved lengthening the control wick by 1 c m, 
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lengthening the triangular wick by 1 point 5 c m, and lengthening the rectangular 

wick by 2 c m. 

A computer simulation (see Appendix: Code) was wri t ten using the C 

programming language. The simulation a t tempted to predict the approxi-

mate oxygen loss per 2-dimensional gridded region within the test container, 

based upon flame location, convection and diffusion. 

4. R E S U L T S 

T h e i n i t i a l s e r i e s o f e x p e r i m e n t s c o n d u c t e d w i t h a n e t h a n o l c a n d l e e n -

c l o s e d w i t h i n t h e p l e x i g l a s s c o n t a i n e r y i e l d e d r e s u l t s t h a t w e r e n o t i n i t i a l l y 

u n e x p e c t e d (See: Figure 2 and Appendix). 

F o r e x a m p l e , flame e x t i n c t i o n h a p p e n e d a t 3 3 6 s e c o n d s w i t h a n o x y g e n 

l e v e l o f 1 5 point 0 , a t 3 4 5 point 5 s e c o n d s w i t h a n o x y g e n c o u n t 1 5 point 2 , a t 3 5 1 s e c o n d s 

w i t h a n o x y g e n c o u n t 1 4 point 7 , a n d a t 3 6 1 point 5 s e c o n d s w i t h a n o x y g e n c o u n t 1 4 point 9 . 

However, the second series of experiments, produced results tha t varied 

substantially (See: Figure 3 and Appendix). 

For example, in one experiment, the ethanol candle extinguished at 405 

seconds with an oxygen count 16 point 0, yet another extinguished at 210 seconds 

with an oxygen count 17 point 5, and another extinguished at 150 seconds with an 

oxygen count 18 point 3. Still other experimental runs included flame extinction 

at 360 seconds with an oxygen count 16 point 4 followed by a run with extinction 



26 

FIGURE 2. Final percent O sub 2 versus burn time: Series 1. Data 

point types vary depending on placement of oxygen sensor. 

Flat lines at end of curve indicate burn out. 

at 210 seconds with an oxygen count 17 point 0; followed by a run with extinction 

at 330 seconds with an oxygen count 15 point 9, followed by a run with extinction 

at 150 seconds with an oxygen count of 16 point 5. 

In order to assess the variation in flame extinction times and final oxy-

gen levels, mass loss versus burn time da ta was collected for bo th ethanol 

candles and paraffin wax tea lights (See Figures 4, 5, 6, and 7). 

The ethanol level within a candle was measured along with initial and 

final masses, and burn times in open air. Two runs were made with an 
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FIGURE 3. Final percent O sub 2 versus burn time: Series 2. Data 

point types vary depending on placement of oxygen sensor. 

Flat lines at end of curve indicate burn out. 

i n i t i a l e t h a n o l l e v e l o f 3 0 m m . F o r t h e first o f t h e s e r u n s , t h e i n i t i a l m a s s 

o f t h e e t h a n o l w a s 2 2 5 point 6 g r a m s a n d t h e final m a s s w a s 2 2 3 point 5 g r a m s a f t e r 5 

m i n u t e s , f o r a m a s s d i f f e r e n c e o f 2 point 1 g r a m s . F o r t h e s e c o n d r u n , t h e i n i t i a l 

m a s s o f t h e e t h a n o l w a s 2 2 3 point 4 g r a m s a n d t h e final m a s s w a s 2 2 1 point 3 g r a m s 

a f t e r 5 m i n u t e s , f o r a m a s s d i f f e r e n c e o f 2 point 1 g r a m s . A t h i r d a n d f o u r t h r u n 

w e r e m a d e w i t h t h e i n i t i a l e t h a n o l l e v e l o f 2 2 m m . T h e t h i r d r u n h a d a n 

i n i t i a l e t h a n o l m a s s o f 2 0 6 point 5 g r a m s a n d a final m a s s o f 2 0 4 point 6 g r a m s a f t e r 5 

m i n u t e s , f o r a m a s s d i f f e r e n c e o f 1 point 9 g r a m s . T h e f o u r t h r u n h a d a n i n i t i a l 
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FIGURE 4. Final percent O sub 2 versus burn time: Series 1 and 

2. Da ta point types vary depending on placement of oxygen 

sensor. Flat lines at end of curve indicate burn out. 

e t h a n o l m a s s o f 2 0 4 point 5 g r a m s a n d a final m a s s o f 2 0 2 point 8 g r a m s a f t e r 5 m i n u t e s , 

f o r a m a s s d i f f e r e n c e o f 1 point 7 g r a m s . 

T h e h e i g h t o f t h e e t h a n o l c a n d l e w i t h i n t h e e n c l o s e d c o n t a i n e r w a s s t u d -

i e d . F o r t h e c o n t r o l t e s t , w i t h t h e c a n d l e a t 0 m m h e i g h t , p l a c e d n e x t t o 

t h e b l o c k i n s i d e t h e c o n t a i n e r , t h e i n i t i a l e t h a n o l m a s s w a s 1 9 8 point 5 g r a m s , 

a n d t h e final m a s s w a s 1 9 7 point g r a m s , f o r a m a s s l o s s o f 1 point g r a m s , w i t h a 

b u r n t i m e b e f o r e e x t i n c t i o n o f 6 m i n u t e s , 2 6 s e c o n d s . F o r h equals 3 7 m m , t h e 

i n i t i a l e t h a n o l m a s s w a s 1 9 7 point 4 g r a m s , a n d t h e final m a s s w a s 1 9 6 point 2 g r a m s , 
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FIGURE 5. Mass Loss versus burn time of ethanol candle, 

enclosed. Two runs with separate initial masses. 

f o r a m a s s d i f f e r e n c e o f 1 point 2 g r a m s , w i t h a b u r n t i m e b e f o r e e x t i n c t i o n o f 

5 m i n u t e s , 5 5 s e c o n d s . F o r h equals 8 6 m m , t h e i n i t i a l e t h a n o l m a s s w a s 1 9 6 point 2 

g r a m s , a n d t h e final m a s s w a s 1 9 5 point 0 g r a m s , f o r a m a s s l o s s o f 1 point 2 g r a m s , 

w i t h a b u r n t i m e b e f o r e e x t i n c t i o n o f 5 m i n u t e s , 2 9 s e c o n d s . F i n a l l y , f o r 

h equals 1 2 7 m m , t h e i n i t i a l e t h a n o l m a s s w a s 1 9 6 point 0 g r a m s , a n d t h e final m a s s 

w a s 1 9 4 point 8 g r a m s , f o r a m a s s l o s s o f 1 point 2 g r a m s , w i t h a b u r n t i m e b e f o r e 

e x t i n c t i o n o f 3 m i n u t e s , 3 0 s e c o n d s . I t s h o u l d b e n o t e d t h a t t h e a f o r e m e n -

t i o n e d w a x r i n g a n d w a t e r l a y e r w e r e a d d e d t o t h e g l a s s t o p o f t h e e n c l o s u r e 

f o r t h e h equals 1 2 7 m m h e i g h t e x p e r i m e n t t o p r o t e c t t h e g l a s s . 
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FIGURE 6. Mass Loss versus burn time of ethanol candle, 

open air. Two runs with separate initial masses. 

F i n a l l y , t h e s h a p e o f t h e t i p o f t h e w i c k o f a n e t h a n o l c a n d l e w a s s t u d i e d , 

t o d e t e r m i n e i t s a f f e c t o n c o m b u s t i o n . F o r t h e c o n t r o l w i c k — m e a n i n g a n 

u n m o d i f i e d w i c k — t h e i n i t i a l m a s s o f e t h a n o l w a s 1 8 3 point 1 g r a m s a n d t h e final 

m a s s w a s 1 8 1 point 6 g r a m s , f o r a m a s s d i f f e r e n c e o f 1 point 5 g r a m s . N e x t , t h e t i p 

o f t h e w i c k w a s c u t i n t o a t r i a n g l e s h a p e . T h e i n i t i a l e t h a n o l m a s s w a s 

1 7 9 point 2 g r a m s a n d t h e final m a s s w a s 1 7 7 point 7 g r a m s , f o r a m a s s d i f f e r e n c e o f 

1 point 5 g r a m s . F i n a l l y , t h e t i p o f t h e w i c k w a s c u t i n t o a s h a l l o w r e c t a n g l e , t h e 

w i d t h g r e a t e r t h a n t h e h e i g h t . T h e i n i t i a l e t h a n o l m a s s w a s 1 8 2 point 3 g r a m s 

a n d t h e final m a s s w a s 1 8 0 point 8 g r a m s , f o r a m a s s d i f f e r e n c e o f 1 point 5 g r a m s . 
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FIGURE 7. Mass Loss versus burn time of paraffin wax tea 

light, open air. 

T h e w i c k s h a p e e x p e r i m e n t w a s r e - c o n d u c t e d w i t h l e n g t h a d d e d t o t h e 

d i f f e r e n t s h a p e d w i c k s . T h e c o n t r o l , u n m o d i f i e d w i c k w a s l e n g t h e n e d b y 1 

c m . T h e i n i t i a l e t h a n o l m a s s w a s 1 8 1 point 5 g r a m s a n d t h e final m a s s w a s 1 7 9 point 8 

g r a m s , f o r a m a s s d i f f e r e n c e o f 1 point 7 g r a m s . T h e t r i a n g u l a r c u t w i c k w a s 

l e n g t h e n e d b y 1 point 5 c m . T h e i n i t i a l e t h a n o l m a s s w a s 1 7 7 point 5 g r a m s a n d t h e 

final m a s s w a s 1 7 5 point 6 g r a m s , f o r a m a s s d i f f e r e n c e o f 1 point 9 g r a m s . F i n a l l y , t h e 

r e c t a n g u l a r — f l a t c u t — w i c k w a s l e n g t h e n e d b y 2 c m . T h e i n i t i a l e t h a n o l 

m a s s w a s 1 8 2 point 4 g r a m s a n d t h e final m a s s w a s 1 8 0 point 2 g r a m s , f o r a m a s s 

d i f f e r e n c e o f 2 point 2 g r a m s . I t s h o u l d b e n o t e d t h a t t h e h e i g h t o f t h e flame i t s e l f 
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was higher in the wick-lengthened tests t han in the above, non-lengthened 

tests. 

FIGURE 8. Mass Loss versus burn time of five paraffin wax 

tea lights burned and weighed simultaneously, open air. 

5. ANALYSIS 

For initial runs of our project , the oxygen level at flame extinction ap-

proached the N I S T F D S target number, given in Section 2 point 4, within error 

bars (Figure 2). However, subsequent test runs not only failed to reproduce 

the da ta of the initial runs, but also failed to approach the F D S target of 

15% with any constancy (Figure 3, Figure 4). 



33 

FIGURE 9. Final percent O sub 2 versus initial percent O sub 2. 

Boxed region indicates experimentally determined limits. 

Various secondary experiments were performed to a t tempt to isolate any 

previous experimental errors. For example, varying the height of the ethanol 

candle above the bo t tom of the container resulted in the same mass loss per 

burn, although the candle burned out quicker at greater heights. Added to 

this, the length of the wick, not unsurprisingly, varied the length of flame, 

regardless of burn time. It seems likely tha t the faster burn time with an 

elevated candle could be a t t r ibuted to the fact tha t there should be less 

of the bulk oxygen in the container above the candle, and tha t the action 

of combustion did not draw enough of the unspent oxygen from below the 

candle upwards to keep the flame burning. However, there were runs where 
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F I G U R E 1 0 . C h a n g e i n p e r c e n t O sub 2 v e r s u s i n i t i a l p e r c e n t O sub 2. 

t h e c a n d l e w a s p l a c e d o n t h e b o t t o m o f t h e c o n t a i n e r , w i t h a s u b s e q u e n t 

s m a l l e r b u r n - o u t t i m e ( 1 5 0 s e c o n d s , f o r e x a m p l e , w i t h a n o x y g e n p e r c e n t a g e 

o f 1 8 point 3 t o 2 1 0 s e c o n d s w i t h a o x y g e n p e r c e n t a g e o f 1 7 point 5 — s e e Appendix: 

Figure 17). 

I n l i g h t o f t h i s , a n o t h e r e x p e r i m e n t w a s c o n d u c t e d u s i n g a d i f f e r e n t 

e t h a n o l c a n d l e , s t i l l l o c a t e d i n t h e c e n t e r o f t h e b o t t o m o f t h e e n c l o s u r e , 

w h i l e t h e o x y g e n s e n s o r w a s l o c a t e d i n t h e s a m e l o c a t i o n t h a t g e n e r a t e d 

t h e 1 5 0 s e c o n d s , 1 8 point 3 O sub 2 % a n d t h e 2 1 0 s e c o n d s , 1 7 point 5 O sub 2% ( n a m e l y , 0 c m 

r i g h t o f t h e c e n t e r , 2 0 c m a b o v e t h e b o t t o m ) . T h e r e s u l t , h o w e v e r r a n f r o m 

a b u r n t i m e o f 3 9 0 s e c o n d s w i t h a final p e r c e n t O sub 2 o f 1 6 point 4 , t o 2 1 0 s e c o n d s 

w i t h 1 7 point 0 p e r c e n t O sub 2, t o 3 3 0 s e c o n d s w i t h 1 5 point 9 p e r c e n t O sub 2, t o 1 5 0 s e c o n d s 
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with 16 point 5 percent O sub 2. Concerned at this point tha t the ethanol within the 

two previous candles had in some way been compromised, a third candle 

was filled with new, pure ethanol and placed again at the center of the 

bo t tom of the enclosure, the oxygen sensor location unchanged. The result 

was a burn t ime of 180 seconds with a resulting percent O sub 2 of 16 point 9, which 

again, seemed closer to the newer results t han those results tha t initially 

approached the N I S T figures. 

Added to this, experiments were conducted in open air and within the 

enclosed container where the ethanol candle was placed on a scale and 

allowed to burn, the mass loss recorded, and, in the case of measuring 

mass loss within the enclosed environment, the percent oxygen was also 

measured. The chemical equation of combustion for ethanol is given by 
C sub 2 H sub 6 O plus 3 O sub 2 right arrow 2 C O sub 2 plus 3 H sub 2 O. 

Analysis of this equation in comparison with the resulting mass and oxygen 

loss bo th inside and outside of the enclosed container agree well together, 

indicating tha t the ethanol was pure and burning well (see Figures 5 and 

6). 

It should be noted tha t when the varying candle elevation experiments 

initially resulted in the cracking of the glass container top due to the prox-

imity of the flame itself. A new lid was affixed and a wax ring was poured 
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a r o u n d t h e e d g e o f t h e t o p , a l l o w i n g a l a y e r o f w a t e r t o b e p l a c e d o n t h e t o p 

o f t h e c o n t a i n e r t o k e e p t h e g l a s s o f t h e t o p f r o m o v e r - h e a t i n g . H o w e v e r , 

t h i s o c c u r r e d e a r l y i n t h e v a r y i n g h e i g h t e x p e r i m e n t s , t h e r e s u l t s o f w h i c h 

a r e d i s c u s s e d a b o v e . A s s u c h , a n e w g l a s s t o p w a s a f f i x e d t o t h e c o n t a i n e r 

a n d t h e e x p e r i m e n t , w i t h a c a n d l e b u r n i n g n e w , p u r e e t h a n o l , w a s p l a c e d 

o n c e a g a i n a t t h e c e n t e r o f t h e b o t t o m , t h e o x y g e n s e n s o r 9 c m r i g h t o f 

c e n t e r , 2 0 c m a b o v e t h e b o t t o m . T h e r e s u l t w a s a b u r n t i m e o f 4 8 0 s e c o n d s 

w i t h a final p e r c e n t O sub 2 o f 1 5 point 3 — m u c h c l o s e r t o t h e N I S T t a r g e t . T h e p r e v i -

o u s , w a x - r i n g e d l i d w a s r e p l a c e d o n t h e c o n t a i n e r a n d t h e e x p e r i m e n t , w i t h 

n e w , p u r e e t h a n o l — t h e c a n d l e a t t h e c e n t e r o f t h e b o t t o m , t h e O sub 2 s e n s o r 

a t 9 c m r i g h t o f c e n t e r , 2 0 c m a b o v e t h e b o t t o m — w a s r e - c o n d u c t e d . I n t h i s 

c a s e , t h e flame e x t i n g u i s h e d a t 1 8 0 s e c o n d s w i t h a final p e r c e n t O sub 2 o f 1 6 point 3 . 

O n c e m o r e r e - c o n d u c t i n g t h e e x p e r i m e n t w i t h t h e w a x - r i n g l i d , t h e p e r c e n t 

O sub 2 w e n t f r o m a n i n i t i a l v a l u e o f 2 0 point 9 t o a final v a l u e o f 1 6 point 4 . S w i t c h i n g l i d s 

o n c e m o r e t o t h e n e w , n o n - w a x - r i n g e d l i d , t h e p e r c e n t O sub 2 w e n t f r o m a n 

i n i t i a l v a l u e o f 2 0 point 8 t o 1 5 point 4 . I n e a c h o f t h e s e c a s e s , i t s h o u l d b e n o t e d t h a t 

w i t h t h e w a x - r i n g e d l i d , t h e i n i t i a l b u l k t e m p e r a t u r e w i t h i n t h e c o n t a i n e r 

r a n g e d f r o m a n i n i t i a l v a l u e o f 2 4 degrees C ( f o r t w o b a c k - t o - b a c k e x p e r i m e n t s ) 

t o a final t e m p e r a t u r e o f 3 0 point 5 degrees C a n d 2 7 point 4 degrees C f o r t h e b a c k - t o - b a c k e x p e r i -

m e n t s r e s p e c t i v e l y . O n t h e o t h e r h a n d , t w o b a c k - t o - b a c k e x p e r i m e n t s w i t h 
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t h e n e w , n o n - w a x - r i n g e d g l a s s t o p r e s u l t e d i n i n i t i a l t e m p e r a t u r e s o f 2 3 point 6 degrees C 

a n d 2 6 point 9 degrees C r e s p e c t i v e l y , a n d final b u l k t e m p e r a t u r e s o f 2 7 point 9 degrees C a n d 2 3 point 1degrees C . 

T h e s e r e s u l t s s u g g e s t t h a t t h e w a x - r i n g m i g h t a c t u a l l y b e i n t e r f e r i n g w i t h 

t h e e x p e r i m e n t . H o w e v e r , a n o t h e r r o u n d o f e x p e r i m e n t s u s i n g t h e n e w 

g l a s s , n o - w a x - r i n g e d t o p w e r e c o n d u c t e d w i t h a n e t h a n o l c a n d l e c o n t a i n i n g 

n e w , p u r e e t h a n o l a n d p l a c e d i n t h e s a m e l o c a t i o n a s t h e p r e v i o u s s e t 

o f e x p e r i m e n t s — c a n d l e a t b o t t o m c e n t e r , s e n s o r a t 9 c m r i g h t o f c e n t e r , 

2 0 c m a b o v e b o t t o m . T o k e e p t h e g l a s s t o p f r o m o v e r h e a t i n g , t h e g l a s s w a s 

m o i s t e n e d p r i o r t o flame i g n i t i o n . F l a m e e x t i n c t i o n o c c u r r e d a t 2 1 1 s e c o n d s 

w i t h a final p e r c e n t O sub 2 o f 1 6 point 3 , a r e s u l t s i m i l a r t o t h a t f o u n d u s i n g t h e w a x -

r i n g e d l i d . S i m i l a r r e s u l t s w e r e t h e n f o u n d w h e n u s i n g a c o m p l e t e l y d r y t o p : 

flame e x t i n c t i o n a t 1 7 4 s e c o n d s , w i t h a final p e r c e n t O sub 2 o f 1 6 point 7 . F u r t h e r 

e x p e r i m e n t a l r u n s w e r e c o n d u c t e d , s o m e w h e r e t h e w a l l s o f t h e c o n t a i n e r 

w e r e w i p e d d o w n w i t h a m o i s t s p o n g e , o t h e r s w i t h t h e w a x - r i n g e d t o p i n 

p l a c e a n d t h e w a l l s o f t h e c o n t a i n e r m o i s t e n e d ( s e e Appendix: Figure 22). 

I n i t i a l a n a l y s i s o f t h e N I S T g o v e r n i n g e q u a t i o n s f o r t h e b u l k c o n t r o l v o l -

u m e g i v e n a b o v e s u g g e s t t h a t t h e b u l k t e m p e r a t u r e w a s r a i s e d — a n d m o r e 

e n e r g y r e l e a s e d — b y t h e c a n d l e d u e t h e s p e c i f i c h e a t o f t h e s y s t e m c h a n g i n g 

w i t h t h e i n c l u s i o n o f t h e w a x a n d w a t e r l a y e r o n t h e t o p o f t h e c o n t a i n e r . 

H o w e v e r , w h i l e t h i s m i g h t r e s u l t i n a f a s t e r b u r n t i m e s i n c e t h e o x y g e n m a s s 

f r a c t i o n Y O sub 2 w o u l d i n c r e a s e , t h i s s h o u l d n o t n e c e s s a r i l y i m p l y t h a t t h e final 
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percent O sub 2 would be any different simply because that final percentage was 

reached more quickly. Moreover, despite initial results with the new glass, 

non-wax-ringed lid being closer to N I S T standards, subsequent experimen-

tal runs with the same lid yielded results similar to that of the wax-ringed 

lid. If indeed the wax and water layer on the wax-ringed lid raised the spe-

cific heat of the system—and if, indeed, the resulting O sub 2 percentages were 

a result of this specific heat increase—then the results with the non-wax-

ringed lid, which would presumably have a lower specific heat, should closer 

match the N I S T standards on multiple runs, which they do not. Added to 

this, it can be seen that there is no striking difference between having no 

wax and water layer and having a wax and water layer—indeed between 

wiping and not wiping down the container walls between each run—at all 

( s e e Appendix: Figure 24). 

Subsequent analysis of the computer simulation designed for this project 

(see Appendix: Code) revealed that, despite being only a two-dimensional 

model of the three-dimensional closed container system, that the target 

percent O sub 2 of the N I S T standard was reached with only a bi-directional 

diffusion term included in the code. Despite that fact that certain variables 

were hard-coded within the program based upon approximate values, the 

results of each run approached 15% with each run. ( s e e Appendix: Code 
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Output). Oddly, then, it was the experimental data , rather than the calcu-

lated data , tha t deviated time and again. 

The question, then, is why are the experimental results deviant? A ques-

tion could be raised about the accuracy of the Pasco oxygen sensor, but 

regardless of whether the sensor was functioning properly, or regardless of 

whether the data-collector had, for example, been zeroed properly, the de-

viation in combustion times would indicate a problem other than faulty 

da ta collection. Along those lines, the container itself was checked time 

and again for leaks, and the silicon seals were reinforced on at least one oc-

casion. Although there were experimental runs where one of the small holes 

in the side of the container was not properly sealed, this oversight seemed 

to have no overall effect on the total results, which seemed to deviate from 

each other regardless of whether a hole was not properly sealed. Added to 

this, the measured burn times before flame extinction varied widely (see 

Appendix: Figures 25 and 26) indicating tha t , even if there were problems 

with the sensing equipment, these problems alone would not account for 

the deviant results. 

T h e c o m p l e x i t y o f t h e a b o v e N I S T e q u a t i o n s f o r Q, C sub P with line above, a n d Y O sub 2 i n a 

sealed environment alone, not including the complexity of the governing 

fluid dynamical and flame dynamical equations given in Section 2, might 

reveal the source for the deviant experimental results. However, it is difficult 
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t o d e t e r m i n e w h i c h , if n o t a l l , o f t h e g o v e r n i n g e q u a t i o n s m i g h t c o n t r i b u t e 

a t e r m o r a w h o l e t h a t w o u l d e x p l a i n t h e v a r i a t i o n i n b o t h b u r n t i m e a n d 

final p e r c e n t O sub 2 r e g a r d l e s s o f e x p e r i m e n t a l s e t u p . 

T h e p r i m a r y t r a n s p o r t p h e n o m e n a f o r t h e g a s e o u s s p e c i e s w i t h i n t h e 

s e a l e d c o n t a i n e r a r e d i f f u s i o n a n d c o n v e c t i o n [4] [12] . I n s o m e c a s e s , f o r e x -

a m p l e , c o m b u s t i o n c a n d r i v e c o n v e c t i o n t h r o u g h t h e b u o y a n t p r o p e r t i e s o f 

t h e g a s e o u s s p e c i e s p r e s e n t [4]. I n l a r g e s c a l e m o d e l s , a n d i n a c t u a l r e c o r d e d 

fires, t h i s c o n v e c t i o n - b u o y a n c y p h e n o m e n a c a n l e a d t o d r a m a t i c fire w h i r l s . 

U n d e r t h e a u s p i c e s o f t h e B o u s s i n e s q m o d e l , t h e d e n s i t y o f a g i v e n s e t o f 

g a s e o u s s p e c i e s i s r e p l a c e d b y a n a m b i e n t d e n s i t y rho 0 i n t h e c o n s e r v a t i o n 

o f m o m e n t u m e q u a t i o n ( 2 ) w i t h a n a s s u m p t i o n t h a t t h e d e n s i t y v a r i a t i o n s 

w i t h i n t h e s e t o f g a s e o u s s p e c i e s i s s m a l l [4]. A s s u c h , t h e B o u s s i n e s q a p -

p r o x i m a t i o n f o r t h e fluid h e a d — w h i c h r e l a t e s t h e e n e r g y o f a fluid t o t h e 

h e i g h t o f a n e q u i v a l e n t s t a t i c c o l u m n o f s a i d fluid—is g i v e n b y H three horizontal lines p minus p 0 divided by rho o plus 1 

divided by 2 vertical bar u vertical bar squared plus g x, 

w h e r e p i s t h e d y n a m i c p r e s s u r e , p 0 i s t h e a m b i e n t p r e s s u r e , u i s t h e 

t o t a l velocity, a n d g i s t h e a c c e l e r a t i o n d u e t o g r a v i t y [4] [5]. E x p e r i m e n t s o n l a r g e 

s c a l e flames ( a c e t o n e flames o f a n i n i t i a l h e i g h t o f 1 point 5 f e e t c o n t a i n e d w i t h i n 

a 4 - i n c h d i a m e t e r c a n w h i c h w a s p l a c e d w i t h i n t h e c e n t e r o f 10-foot-high, 8-foot-

d i a m e t e r w i r e s c r e e n t h a t w a s r o t a t e d 4 r e v o l u t i o n s p e r m i n u t e ) r e v e a l e d 
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tha t the flames, during the 4 r p m screen rotation, reached a height of 15 

feet [4]. Granted, there was no rotational component added to the ethanol 

candle or to the sealed container itself during our experiments, however, 

it might be possible tha t the ethanol flame within the sealed environment 

created a diffusion process tha t caused a convection through buoyancy not 

unlike tha t seen in the formation of fire whirls. If this was the case, then the 

dynamic t ransport of bo th spent product and unused gaseous species fuel in 

the container might develop randomized pat terns rather than a more pre-

dictable circulation of gases tha t would feed the flame and t ransport spent 

product away. Further complicating this, such a relatively small enclosed 

environment might have unknown initial conditions tha t are more sensitive 

than otherwise, meaning tha t any minor shift in the environment—perhaps 

due to the minor differences made by inserting and removing the lighter— 

could add fur ther randomized behavior to the system in the form of buoyant 

circulation. However, since it would be virtually impossible to account for 

this randomized, buoyant circulation without fur ther testing, or without 

fur ther developing a more complicated computer simulation, there is no 

way to determine if this effect was indeed present and, if so, whether the 

effect caused a seemingly randomized t ransport of gaseous fuel and spent 

product tha t worked to vary the percent oxygen near the sensor with each 

run. 
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Hamins et al, however, note tha t , in their studies of paraffin wax candles, 

it took from 12 to 15 minutes to achieve steady burning behavior, after 

which there was little change in, for example, the mass loss rate of the 

candle. The experimental apparatus described in these experiments was not 

a sealed container, and the wax candles in question were allowed to burn 

for upwards of 130 minutes without self extinction due to loss of oxygen 

[2]. However, under the sealed container conditions of our experimental 

runs, the burn t ime did not exceed 7 minutes without flame extinction. 

This means tha t in each of our experiments within the sealed container, the 

ethanol flame burned out before reaching what might have been a steady 

burn rate. Granted, the studies mentioned by Hamins et al. were with 

paraffin wax candles and not ethanol candles, but it begs the question as 

to whether this distinction is irrelevant. In the wax candle experiments, 

once the steady combustion was reached there was little reported change 

in any of the experimental results. If the lower bound for steady burning 

behavior of ethanol candles is beyond tha t which could be reached before 

flame extinction, then it is possible tha t the lack of steady combustion 

might in some way effect the experimental results due to the propensity 

of more random diffusion and convection within the combustion process. 

For example, in measuring the mass loss ra te of the wax candles, Hamins 

et al. found tha t there was a steady, rapid increase within the first 10 
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m i n u t e s o f c o m b u s t i o n b e f o r e t h e m a s s l o s s r a t e t e n d e d t o l e v e l o f f a f t e r 

t h e 1 2 t o 1 5 m i n u t e a p p r o a c h o f s t e a d y b u r n b e h a v i o r , w i t h t h e m e a n m a s s 

l o s s r a t e r e p o r t e d t o b e 0 point 1 0 5 g forward slash m i n . A d d e d t o t h i s , t h e flame h e i g h t s 

a f t e r i g n i t i o n o f p a r a f f i n w a x c a n d l e s a l s o r e a c h a s t e a d y t r e n d a f t e r t h e 1 2 

m i n u t e m a r k . O n t h e o t h e r h a n d , i t t o o k r o u g h l y 5 m i n u t e s l e s s t o r e a c h 

s t e a d y s t a t e w i t h p r e - b u r n e d p a r a f f i n w a x c a n d l e s , w h i c h w a s s u r m i s e d 

t o b e d u e t o t h e p r e - e x i s t i n g f o r m a t i o n o f a w a x " c u p " a t t h e b a s e o f 

t h e w i c k [2]. A g a i n , t h i s m i g h t i n d i c a t e t h a t f o r e t h a n o l c a n d l e s i n t h e 

s e a l e d c o n t a i n e r , t h e flames t h e m s e l v e s w e r e n o t a l l o w e d t o r e a c h a s t e a d y 

s t a t e , b u r n i n g o u t l o n g b e f o r e t h a t s t e a d y s t a t e c o u l d b e r e a c h e d , p o s s i b l y 

r e s u l t i n g i n m o r e v a r i a b l e c o m b u s t i o n b e h a v i o r , i n t u r n r e s u l t i n g i n h i g h l y 

v a r i a b l e final p e r c e n t o x y g e n l e v e l s d e s p i t e flame e x t i n c t i o n . B u r n i n g b o t h 

t h e p a r a f f i n w a x t e a c a n d l e s a n d t h e e t h a n o l c a n d l e s o u t s i d e o f t h e e n c l o s e d 

e n v i r o n m e n t , f o r e x a m p l e , r e s u l t e d i n r e p e a t a b l e m a s s l o s s d a t a t h a t s e e m e d 

t o m a t c h t h a t o f p u b l i s h e d e x p e r i m e n t a l s t u d i e s ( s e e Figures 5, 6, 7, and 

8) w h i c h s e e m s t o s u p p o r t t h i s h y p o t h e s i s [2]. 

S i n c e t h e flames o f t h e e t h a n o l c a n d l e s i n t h e s e a l e d c o n t a i n e r m a y n o t 

h a v e r e a c h e d s t e a d y b u r n b e h a v i o r , i t i s p o s s i b l e t h a t , p r i o r t o e x t i n c t i o n 

a n d l o n g b e f o r e s t e a d y b u r n b e h a v i o r c o u l d a p p e a r , t h e t u r b u l e n t s t r u c t u r e 

o f t h e b u o y a n t flames t h e m s e l v e s — t h e fire p l u m e — m i g h t h a v e c o n t r i b u t e d 

t o a n i n c o n s i s t e n t g a s e o u s s p e c i e s a n d s p e n t p r o d u c t d i s t r i b u t i o n [19] [1] . 
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R e s e a r c h e r s m e a s u r e d t e r m s a p p e a r i n g i n t h e m o m e n t u m e q u a t i o n , E q u a -

t i o n ( 2 ) , a n d t h e m e a n e n e r g y e q u a t i o n , E q u a t i o n ( 4 ) . W i t h i n t h e a u s p i c e s 

o f t u r b u l e n t , b u o y a n t flames, t h e r e s e a r c h e r s n o t e d a x i a l v e l o c i t y fluctua-

t i o n s u with acute accent forward slash u sub 0 a n d i n t e n s i t i e s o f t e m p e r a t u r e fluctuations T with acute 

accent forward slash delta T sub 0, i n d i c a t i n g t h a t p r i o r t o t h e o n s e t o f s t e a d y c o m b u s t i o n b e h a v i o r , t h e r e a r e fluctua-

t i o n s i n r e l a t i v e v e l o c i t y o f t h e flame i t s e l f , a s w e l l a s fluctuations i n flame 

t e m p e r a t u r e a n d b u l k t e m p e r a t u r e c l o s e t o t h e flame s o u r c e [19] . R a p i d 

fluctuations d u e t o s m a l l t u r b u l e n c e c a u s e d b y t h e r a p i d l y v a r y i n g flame 

p r i o r t o s t e a d y c o m b u s t i o n , m i g h t c a u s e n o t o n l y u n s t e a d y p e r c e n t o x y g e n 

r e a d i n g s b u t a l s o m i g h t c a u s e t h e flame t o s e l f - e x t i n g u i s h u n d e r t h e r a p i d 

fluctuations o f i t s o w n m o m e n t u m [19] . 

Considering tha t enclosed environment flames have been studied, and 

conclusions reached for larger scale containments (see Section 2.4) it is 

possible tha t the enclosed environment itself—especially of such small scale 

relative to the candle—may have contributed to the non-repeatability of the 

experiment by confining both the gaseous fuel and spent product in such a 

way tha t no consistent percent oxygen results could be obtained, while at 

the same time varying the burn time to such an extent. As diffusion and 

convection, under the turbulent , buoyant conditions existing prior to steady 

flame behavior, varied after ignition due to the constraints of the container 

itself, it is possible tha t flame extinction occurred even at high levels of 
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percent O sub 2 due to the fact tha t the spent product tha t would normally 

be carried away from the flame may not have been properly t ransported, 

resulting in premature flame asphyxiation as if the flame were located in 

a second, localized "enclosed" container, the boundaries of which were the 

turbulent flows themselves. Similarly, the sealed conditions might have 

resulted in a heightened turbulence immediately after flame ignition tha t 

might have snuffed the flame by its own initial momentum. This, however 

seems less likely than tha t of an uneven propagation of bo th gaseous fuel 

and spent product due to rapid fluctuations prior to steady flame behavior. 

6. CONCLUSIONS 

Initially, with the use of paraffin wax votive and tea light candles placed 

within enclosed, glass containers, the burn time before flame extinction and 

oxygen levels of each candle were collected with the purpose of creating a 

model for determining the total burn time and final percent oxygen of any 

given type and size of candle, and any volume of enclosed environment. 

Eventually, a closed, plexiglass container was manufactured, and ethanol-

mix candles were used, and again the burn time before flame extinction and 

the final percent oxygen were measured. However, as the da ta shows, the 

experiment was non-repeatable and no immediately useable pa t te rn was 

discovered. 
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It remains, at this stage, uncertain as to why the experiment is non-

repeatable, especially in light of previously cited studies which generated 

final percent oxygen levels tha t were on par with calculation [12]. The 

complexity of the governing equations of both fluids and combustion may 

give a clue as to the inability to measure consistent data . It is possible 

tha t the diffusion and convection dynamics within the environment led to 

the non-repeatability with small-scale versions of the large-scale Boussinesq 

model of fire whirls, leading to flame extinctions tha t were not directly the 

result of low oxygen percentages. 

Since, in each run of the experiment, flame self-extinction happened be-

fore the combustion process could reach equilibrium, it is possible tha t the 

flame dynamics within our process were not stable enough to be repeatable 

[2]. It is possible tha t in the period between ignition and flame extinction, 

since the combustion process was not in equilibrium, tha t varying burn 

rates, flame height, flame and ambient temperatures, and pressures could 

generate a turbulent environment. This environment might not only extin-

guish the flame outright, but lead to chaotic behavior of gaseous species 

fuel and spent product , in tu rn leading to a randomized dynamic envi-

ronment. Since the final percent oxygen measured is tha t of the entire 

enclosed container, it is possible tha t the non-equilibrium stage of flame 

dynamics created a smaller, more localized environment around the flame 
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itself, wherein fresh gaseous species fuel and spent product were essentially 

isolated from the greater whole of rest of the environment within the con-

tainer. In this way, it may be possible tha t the non-equilibrium dynamics 

themselves helped to create a second, variable "enclosed" condition imme-

diately around the flame, causing flame extinction at varying times and 

varying overall final percent oxygen. 

At this stage, it can be said tha t , with such a low-cost experimental set-

up, there is no simple way to adjust the experiment to get repeatable results. 

It is possible, then, tha t in fu ture experiments, bet ter materials or more uni-

form construction may be used in creating the experimental enclosed envi-

ronment. It is also possible tha t more accurate measuring equipment may 

be used, although, as was noted, the varying burn times before flame self-

extinction indicate tha t the final percent oxygen measurement equipment 

was neither faulty or completely inaccurate. The introduction of a small, 

motorized fan within the enclosed container might be used to force a more 

dynamic, turbulent flow tha t did not result directly from non-equilibrium 

flame dynamics. By necessity, the inclusion of a fan would complicate the 

fluid dynamic process, but it might lead to more repeatable results. If the 

fan were moved from location to location within the container, and the ex-

periment repeated, the da ta gleaned might help unders tand the diffusion 

and convection process present, perhaps allowing for bet ter overall da ta 
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collection, since the fan would force a possible equilibrium condition in the 

container itself by forcing gaseous species fuel and spent product to move 

under the auspices of something other than combustion process itself. How-

ever, the modeling process would be greatly complicated with the inclusion 

of the fan, but this might be an unavoidable necessity, given the complexity 

of the fluid dynamical governing equations to begin with. 

Further, it might be possible to establish an experimental environment 

wherein the ignition system is entirely contained within the enclosed con-

tainer with the candle. Although this would necessitate a greater level of 

funding, including a remote ignition system would allow for fewer changes 

in any unknown, sensitive initial conditions. For example, the current ex-

perimental set-up has a small hole drilled into one wall of the container 

to allow for the introduction and removal of a lighter. Without this hole, 

however, it would have been necessary to open the container lid, light the 

candle, and then close the lid, potentially changing the initial conditions 

within the container even more dramatically than simply introducing and 

removing the lighter through the small hole. It should be noted tha t ini-

tial a t t empts to use a remote ignition system were a t tempted early in the 

experiment, but were abandoned due to difficulty and expense. 

A three-dimensional computer model might also be implemented, how-

ever, it should be noted tha t the two-dimensional computer simulation tha t 
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was created did not display any of the non-repeatability tha t was found in 

the lab. Before implementation of the three-dimensional model, then, it 

might be more prudent to re-work the two-dimensional model to see if the 

experimenters could force the model to return non-repeatable results. This 

could then give a clue as to how to implement a three-dimensional model 

by enumerating the possible dynamic processes tha t might be leading to 

non-repeatability. 
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number sign i n c l u d e angle bracket s t d i o dot h angle bracket 

number sign i n c l u d e angle bracket m a t h dot h angle bracket 

number sign i n c l u d e angle bracket s t d l i b dot h angle bracket 

number sign d e f i n e X M A X 1 1 number sign d e f i n e Y M A X 8 number sign d e f i n e T M A X 1 0 0 0 

number sign d e f i n e X C A N 5 forward slash asterisk l o c a t i o n o f c a n d l e i n X asterisk forward 

slash number sign d e f i n e Y C A N 1 forward slash asterisk l o c a t i o n o f c a n d l e o n y - a x i s period 

asterisk forward slash c o n s t d o u b l e y s t e p equals 3 point 5 semicolon forward slash 

asterisk c m asterisk forward slash c o n s t d o u b l e x s t e p equals 3 point 1 8 semicolon 

c o n s t i n t t s t e p equals 1 point 0 semicolon forward slash asterisk s e c period asterisk 

forward slash c o n s t d o u b l e d i f c o n equals 0 point 1 asterisk 1 point 0 forward slash 

3 point 1 8 forward slash 3 point 5 semicolon forward slash asterisk u n i t l e s s period 

asterisk forward slash c o n s t d o u b l e o 2 i n i t equals 2 1 point 0 semicolon forward slash 

asterisk p e r c e n t o 2 a s 
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r e a d b y m e t e r asterisk forward slash 

c o n s t d o u b l e b r underscore t o underscore d b a r equals 1 point 2 semicolon p r n t 

underscore o 2 parenthesis d o u b l e o 2 square bracket X M A X square bracket square bracket Y M A X square bracket 

square bracket T M A X square bracket , i n t t parenthesis curly brace i n t x comma y semicolon 

p r i n t f parenthesis quotation marks series of dashes t equals percent sign i series of dashes backslash n quotation marks comma t 

parenthesis semicolon f o r parenthesis y equals Y M A X dash 1 semicolon y greater than equals 0 semicolon y dash dash parenthesis 

curly brace f o r parenthesis x equals 0 semicolon x less than X M A X semicolon x plus plus parenthesis print f parenthesis 

quotation marks percent sign 1 f backslash t quotation marks comma o 2 square bracket x 

square bracket square bracket y square bracket square bracket t square bracket 

parenthesis semicolon putchar parenthesis single quote backslash n single quote 

parenthesis semicolon curly brace print f parenthesis series of dashes backslash n quotation 

marks parenthesis semicolon curly brace i n t d i f f u s e parenthesis d o u b l e o 2 square bracket 

X M A X square bracket square bracket Y M A X square bracket square bracket T M A X square bracket, 

i n t t , d o u b l e b r parenthesis curly brace i n t x , y , q , p semicolon 

d o u b l e d b a r semicolon 
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f o r parenthesis x equals 0 semicolon x less than sign X M A X semicolon x plus plus parenthesis f o r parenthesis y 

equals 0 semicolon y less than sign Y M A X semicolon y plus plus parenthesis o 2 square bracket x square bracket 

square bracket y square bracket square bracket t plus 1 square bracket equals o 2 square 

bracket x square bracket square bracket y 

square bracket square bracket t square bracket semicolon forward slash asterisk c o p y f r o m p r i o r t i m e asterisk 

forward slash d b a r equals b r asterisk b r underscore t o 

underscore d b a r semicolon forward 

slash asterisk d b a r i s t h e l e n g t h o f t h e c e l l f r o m w h i c h o 2 m o v e s t o a d j a c e n t c e l l asterisk forward slash i f 

parenthesis d b a r greater than sign y s t e p parenthesis d b a r equals y s t e p semicolon 

forward slash asterisk c a n ' t m o v e m o r e t h e n e n t i r e cell 

c o n t e n t s . a s t e r i s k forward slash if parenthesis d b a r greater than sign x s t e p parenthesis d b a r equals 

x s t e p semicolon x equals X C A N semicolon forward slash asterisk C e n t r a l c o l u m n asterisk forward slash f o r 

parenthesis y equals 0 semicolon y less than sign parenthesis Y M A X minus 1 parenthesis semicolon y plus plus 

parenthesis curly brace o 2 square bracket x square bracket square bracket y plus 1 square bracket 

square bracket t plus 1 square bracket plus equals d b a r forward slash y s t e p asterisk 0 2 

square bracket x square bracket square bracket y square bracket square bracket t square bracket semicolon 
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o 2 square bracket x square bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign equal sign d b a r forward slash y s t e p asterisk o 2 

square bracket x square bracket square bracket y square bracket square bracket t square bracket semicolon curly brace d b a r forward slash equals 2 point 0 

semicolon forward slash asterisk N o w w e a r e O U T o f c e n t r a l c o l u m n a n d H A L F g o e s e a c h w a y . asterisk forward slash y equals Y M A X minus 1 semicolon forward slash 

asterisk roof of container. asterisk forward slash f o r parenthesis x equals X C A N semicolon x 

less than sign X M A X minus 1 semicolon x plus sign plus sign 

parenthesis curly brace forward slash asterisk r i g h t h a l f o f ceiling asterisk forward slash o 2 square bracket x plus 1 square bracket square bracket y square bracket square 

bracket t plus 1 square bracket plus sign equal sign d b a r forward slash x s t e p asterisk o 2 square bracket x square bracket square bracket y square bracket square 

bracket t square bracket semicolon o 2 square bracket x square 

bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign equal sign d b a r forward slash x s t e p asterisk o 2 square 

bracket x square bracket square bracket y square bracket square bracket t square bracket semicolon curly brace f o r parenthesis x equals X C A N semicolon x greater than 

0 semicolon x dash dash parenthesis curly brace forward slash asterisk l e f t h a l f c e i l i n g asterisk forward slash o 2 square bracket x minus 1 square bracket square bracket y 

square bracket square bracket t plus 1 square bracket plus sign equal sign d b a r forward slash x s t e p asterisk o 2 square bracket x square bracket square bracket y square 

bracket square bracket t square bracket semicolon o 2 square bracket x square bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign 

equal sign d b a r forward slash x s t e p asterisk o 2 square bracket x square bracket square bracket y square bracket square bracket t square bracket semicolon 
curly brace x equals 0 semicolon f o r parenthesis y equals Y M A X minus 1 semicolon y greater than 0 semicolon y dash dash parenthesis curly brace forward slash asterisk x 
equals 0 ( l e f t ) w a l l asterisk forward slash o 2 square bracket x square bracket square bracket y minus 1 square bracket square bracket t plus 1 square bracket plus sign equal 

sign d b a r forward slash y s t e p asterisk o 2 square bracket x square bracket square bracket y square bracket square bracket t square bracket semicolon o 2 square bracket x 

square bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign equal sign d b a r forward slash y s t e p asterisk o 2 square bracket x square 
bracket square bracket y square bracket square bracket t square bracket semicolon 
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curly brace x equals X M A X minus 1 semicolon f o r parenthesis y equals Y M A X minus 1 semicolon y greater than 0 semicolon y dash dash parenthesis curly brace forward 

slash asterisk x equals X M A X minus 1 ( r i g h t ) w a l l asterisk forward slash o 2 square bracket x square bracket square bracket 

y minus 1 square bracket square bracket t plus 1 square bracket plus sign equal sign d b a r forward slash y s t e p 
asterisk o 2 square bracket x square bracket square bracket y square bracket square bracket t square 

bracket semicolon o 2 square bracket x square bracket square bracket y square bracket square bracket 
plus 1 square bracket minus sign equal sign d b a r forward slash y s t e p asterisk o 2square bracket x square 
bracket square bracket y square bracket square bracket t square bracket semicolon curly brace y 

equals 0 semicolon f o r parenthesis x equals 0 semicolon x less than X C A N semicolon x plus sign plus sign parenthesis curly 

brace o 2 square bracket x plus 1 square bracket square bracket y square bracket square bracket t plus 1 square 
bracket plus sign equal sign d b a r forward slash x s t e p asterisk o 2 square bracket x square bracket 

square bracket y square bracket square bracket t square bracket semicolon o 2 square bracket x square 

bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign equal sign d b a r forward slash 
x s t e p asterisk o 2 square bracket x square bracket square bracket y square bracket square bracket t 

square bracket semicolon curly brace f o r parenthesis x equals X M A X minus 1 semicolon x greater than X C A N semicolon x dash dash parenthesis 

curly brace o 2 square bracket x minus 1 square bracket square bracket y square bracket square bracket t plus 1 
square bracket plus sign equal sign d b a r forward slash x s t e p asterisk o 2 square bracket x square bracket 

square bracket y square bracket square bracket t square bracket semicolon o 2 square bracket x square 

bracket square bracket y square bracket square bracket t plus 1 square bracket minus sign equal sign d 
b a r forward slash x s t e p asterisk o 2 square bracket x square bracket square bracket y square 

bracket square bracket t square bracket semicolon curly brace forward slash forward slash p r n t 
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underscore o 2 parenthesis o 2 comma t plus 1 parenthesis semicolon for parenthesis x equals 0 semicolon x less than X MAX semicolon x plus plus parenthesis 
for parenthesis y equals 0 semicolon y less than Y MAX; y plus plus parenthesis curly brace for parenthesis q equals x minus 1 semicolon q less than equal sign x 

plus 1 semicolon q plus sign plus sign parenthesis curly brace forward slash asterisk q has to be x minus 1 a n d x plus 1 o n l y . asterisk forward slash p equals y 

semicolon if parenthesis exclamation mark parenthesis parenthesis q less than 0 parenthesis vertical bar vertical bar parenthesis q greater than 

equal to X M A X parenthesis parenthesis parenthesis open curly brace o 2 square bracket x square bracket square bracket y square 

bracket square bracket t plus 1 square bracket minus sign equal sign d i f c o n asterisk parenthesis o 2 
square bracket x square bracket square bracket y square bracket square bracket t 
square bracket minus sign o 2 square bracket q square bracket square bracket p 
square bracket square bracket t square bracket parenthesis semicolon o 2 square 

bracket q square bracket square bracket p square bracket square bracket t plus 
1 square bracket plus sign equal sign d i f c o n asterisk parenthesis o 2 square bracket x 

square bracket square bracket y square bracket square bracket t square bracket 
minus sign o 2 square bracket q square bracket square bracket p square bracket 
square bracket t square bracket parenthesis semicolon closed curly brace closed curly 

brace closed curly brace for parenthesis p equals y minus 1 semicolon p less than sign equal sign y plus 1 

semicolon p plus sign plus sign parenthesis open curly brace q equals x semicolon i f parenthesis exclamation mark parenthesis 

parenthesis p less than 0 parenthesis vertical bar vertical bar parenthesis p greater than sign equal sign Y M A X parenthesis 



59 

parenthesis parenthesis curly brace o 2 square bracket x square bracket square bracket y square 
bracket square bracket t plus 1 square bracket minus sign equal sign dif con asterisk parenthesis o 2 
square bracket x square bracket square bracket y square bracket square bracket t square bracket 
negative sign o 2 square bracket q square bracket square bracket p square bracket square bracket 
t square bracket parenthesis semicolon o 2 square bracket q square bracket square bracket p square 
bracket square bracket t plus 1 square bracket plus sign equal sign dif con asterisk parenthesis o 
2 square bracket x square bracket square bracket y square bracket square bracket t square bracket 
negative sign o 2 square bracket q square bracket square bracket p square bracket square bracket t 
square bracket parenthesis semicolon closed curly brace curly brace curly brace forward slash 
forward slash p r n t underscore o 2 comma t plus 1 parenthesis semicolon curly brace i n t m a i n open 
parenthesis closed parenthesis curly brace 

d o u b l e o 2 square bracket X M A X square bracket square 

bracket square bracket Y M A X square bracket square bracket T M A X square bracket semicolon i n t t semicolon 

forward slash asterisk t i m e i n u n i t s o f t s t e p question mark asterisk forward slash int x comma y 

semicolon d o u b l e b r comma o 2 i semicolon c o n s t d o u b l e b r underscore m a x equals 0 point 2 8 5 

semicolon c o n s t d o u b l e o 2 underscore m i n equals 1 4 point 0 semicolon F I L E asterisk f o u t 

semicolon f o u t equals f o p e n parenthesis quotation marks o u t p u t dot t x t quotation marks comma 

quotation marks w t quotation marks parenthesis semicolon forward slash asterisk i n i t i a l i z e O 2 t o 

b e s t a r t i n g v a l u e asterisk forward slash forward slash forward slash o 2 i equals o 2 i n i t 

semicolon f o r parenthesis x equals 0 semicolon x less than sign X M A X semicolon x plus sign plus sign parenthesis f o r parenthesis y equals 0 

semicolon y less than sign Y M A X semicolon y plus sign plus sign parenthesis o 2 square bracket x square bracket square bracket y 
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square bracket square bracket 0 square bracket equals o 2 init semicolon forward slash forward slash p r n t 

underscore o 2 parenthesis o 2 comma o parenthesis semicolon for parenthesis t equals 0 semicolon t less than sign T MAX 

minus sign 100 semicolon t plus sign plus 

sign parenthesis curly brace b r equals b r underscore max asterisk parenthesis o 2 square bracket X CAN square bracket 

square bracket square bracket Y CAN square bracket square 

bracket t square bracket minus sign o 2 underscore min parenthesis semicolon i f parenthesis b r less than sign 

0 point 0 semicolon forward slash asterisk d o n ' t a l l o w s p o n t a n e o u s c r e a t i o n o f o 2 exclamation mark asterisk 

forward slash o 2 square bracket X C A N square bracket square bracket Y C A N square bracket square bracket t 

square bracket minus sign equal sign b r semicolon forward slash asterisk s u b t r a c t b u r t o 2 f r o m c a n d l e a r e a 

asterisk forward slash d i f f u s e parenthesis o 2 comma t comma b r parenthesis semicolon forward slash 

forward slash p r n t underscore o 2 parenthesis o 2 comma t parenthesis semicolon forward slash 

forward slash p r n t underscore o 2 parenthesis o 2 comma t plus 1 parenthesis semicolon if 

parenthesis parenthesis t percent sign 1 0 parenthesis two horizontal lines 0 parenthesis curly brace 

f p r i n t f parenthesis f o u t , quotation marks percent sign i L L percent sign 2 point 2 l f M L percent sign 

2 point 2 l f U L percent sign 2 point 2 l f U R percent sign 2 point 2 l f C 0 percent sign 2 point 2 l f C A N 

percent sign 2 point 2 l f B R percent sign 2 point 2 l f backslash n quotation marks, t , o 2 square bracket 0 

square bracket square bracket 0square bracket square bracket t square bracket,o 2 square bracket 0 square bracket 

square bracket parenthesis i n t parenthesis Y M A X forward slash 2 square bracket square bracket t square bracket,o 

2 square bracket 0 square bracket square bracket Y M A X minus sign 1 square bracket square bracket t square bracket, 

o 2 square bracket X M A X minus sign 1 square bracket square bracket Y M A X minus sign 1 square bracket square bracket t 
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square bracket, o 2 square bracket X CAN square bracket square bracket 0 square 
bracket square bracket t square bracket, O 2 square bracket X CAN square 
bracket square bracket Y CAN square bracket square bracket t square bracket, b r 
parenthesis semicolon f flush parenthesis f o u t parenthesis semicolon curly 
brace print f parenthesis quotation marks percent sign i backslash n quotation 
marks, t parenthesis semicolon curly brace f close parenthesis f out parenthesis 
semicolon curly brace 

A P P E N D I X B . C O D E O U T P U T 
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Total percent O sub 2 within container as a function of time. 

0 21.000000 21.000000 21.000000 21.000000 20.400000 

10 20.922912 20.516050 20.517729 20.863699 18.701036 

20 20.698123 20.076110 20.073728 20.531883 18.350653 

30 20.418932 19.732981 19.721008 20.189365 18.125902 

40 20.130076 19.442009 19.422984 19.877113 17.936848 

50 19.847749 19.181325 19.158826 19.592382 17.766117 

60 19.577494 18.941252 18.917618 19.328994 17.608035 

70 19.320907 18.717266 18.693736 19.082963 17.460132 

80 19.078113 18.507012 18.484183 18.851952 17.321109 

90 18.848698 18.309085 18.287218 18.634487 17.190156 

100 18.632063 18.122515 18.101708 18.429515 17.066683 

110 18.427556 17.946544 17.926813 18.236203 16.950212 

120 18.234526 17.780521 17.761847 18.053832 16.840323 

130 18.052345 17.623865 17.606210 17.881760 16.736633 

140 17.880410 17.476040 17.459359 17.719392 16.638788 

150 17.718152 17.336544 17.320790 17.566178 16.546458 

160 17.565027 17.204907 17.190032 17.421598 16.459331 

170 17.420525 17.080685 17.066643 17.285165 16.377112 

180 17.284160 16.963462 16.950207 17.156418 16.299526 



63 

1 9 0 1 7 . 1 5 5 4 7 6 1 6 . 8 5 2 8 4 2 1 6 . 8 4 0 3 3 2 1 7 . 0 3 4 9 2 6 1 6 . 2 2 6 3 1 1 

2 0 0 1 7 . 0 3 4 0 4 1 1 6 . 7 4 8 4 5 4 1 6 . 7 3 6 6 4 7 1 6 . 9 2 0 2 7 9 1 6 . 1 5 7 2 2 1 

2 1 0 1 6 . 9 1 9 4 4 6 1 6 . 6 4 9 9 4 8 1 6 . 6 3 8 8 0 4 1 6 . 8 1 2 0 9 1 1 6 . 0 9 2 0 2 4 

2 2 0 1 6 . 8 1 1 3 0 6 1 6 . 5 5 6 9 9 1 1 6 . 5 4 6 4 7 4 1 6 . 7 0 9 9 9 8 1 6 . 0 3 0 4 9 9 

2 3 0 1 6 . 7 0 9 2 5 9 1 6 . 4 6 9 2 7 0 1 6 . 4 5 9 3 4 6 1 6 . 6 1 3 6 5 7 1 5 . 9 7 2 4 4 1 

2 4 0 1 6 . 6 1 2 9 6 0 1 6 . 3 8 6 4 9 2 1 6 . 3 7 7 1 2 7 1 6 . 5 2 2 7 4 4 1 5 . 9 1 7 6 5 4 

2 5 0 1 6 . 5 2 2 0 8 7 1 6 . 3 0 8 3 7 8 1 6 . 2 9 9 5 4 0 1 6 . 4 3 6 9 5 4 1 5 . 8 6 5 9 5 4 

2 6 0 1 6 . 4 3 6 3 3 4 1 6 . 2 3 4 6 6 5 1 6 . 2 2 6 3 2 4 1 6 . 3 5 5 9 9 6 1 5 . 8 1 7 1 6 6 

2 7 0 1 6 . 3 5 5 4 1 1 1 6 . 1 6 5 1 0 4 1 6 . 1 5 7 2 3 4 1 6 . 2 7 9 6 0 0 1 5 . 7 7 1 1 2 7 

2 8 0 1 6 . 2 7 9 0 4 8 1 6 . 0 9 9 4 6 2 1 6 . 0 9 2 0 3 5 1 6 . 2 0 7 5 0 7 1 5 . 7 2 7 6 8 2 

2 9 0 1 6 . 2 0 6 9 8 7 1 6 . 0 3 7 5 1 9 1 6 . 0 3 0 5 1 0 1 6 . 1 3 9 4 7 7 1 5 . 6 8 6 6 8 5 

3 0 0 1 6 . 1 3 8 9 8 6 1 5 . 9 7 9 0 6 6 1 5 . 9 7 2 4 5 2 1 6 . 0 7 5 2 7 9 1 5 . 6 4 7 9 9 7 

3 1 0 1 6 . 0 7 4 8 1 6 1 5 . 9 2 3 9 0 5 1 5 . 9 1 7 6 6 4 1 6 . 0 1 4 6 9 8 1 5 . 6 1 1 4 8 9 

3 2 0 1 6 . 0 1 4 2 6 1 1 5 . 8 7 1 8 5 3 1 5 . 8 6 5 9 6 3 1 5 . 9 5 7 5 3 0 1 5 . 5 7 7 0 3 8 

3 3 0 1 5 . 9 5 7 1 1 8 1 5 . 8 2 2 7 3 3 1 5 . 8 1 7 1 7 5 1 5 . 9 0 3 5 8 4 1 5 . 5 4 4 5 2 8 

3 4 0 1 5 . 9 0 3 1 9 4 1 5 . 7 7 6 3 8 1 1 5 . 7 7 1 1 3 6 1 5 . 8 5 2 6 7 6 1 5 . 5 1 3 8 5 0 

3 5 0 1 5 . 8 5 2 3 0 9 1 5 . 7 3 2 6 4 0 1 5 . 7 2 7 6 9 0 1 5 . 8 0 4 6 3 6 1 5 . 4 8 4 9 0 0 

3 6 0 1 5 . 8 0 4 2 9 0 1 5 . 6 9 1 3 6 3 1 5 . 6 8 6 6 9 2 1 5 . 7 5 9 3 0 4 1 5 . 4 5 7 5 8 0 

3 7 0 1 5 . 7 5 8 9 7 6 1 5 . 6 5 2 4 1 2 1 5 . 6 4 8 0 0 4 1 5 . 7 1 6 5 2 5 1 5 . 4 3 1 8 0 1 

3 8 0 1 5 . 7 1 6 2 1 6 1 5 . 6 1 5 6 5 5 1 5 . 6 1 1 4 9 6 1 5 . 6 7 6 1 5 6 1 5 . 4 0 7 4 7 3 

3 9 0 1 5 . 6 7 5 8 6 5 1 5 . 5 8 0 9 6 9 1 5 . 5 7 7 0 4 5 1 5 . 6 3 8 0 6 1 1 5 . 3 8 4 5 1 6 
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4 0 0 1 5 . 6 3 7 7 8 7 1 5 . 5 4 8 2 3 8 1 5 . 5 4 4 5 3 4 1 5 . 6 0 2 1 1 3 1 5 . 3 6 2 8 5 3 

4 1 0 1 5 . 6 0 1 8 5 4 1 5 . 5 1 7 3 5 0 1 5 . 5 1 3 8 5 5 1 5 . 5 6 8 1 9 0 1 5 . 3 4 2 4 1 0 

4 2 0 1 5 . 5 6 7 9 4 6 1 5 . 4 8 8 2 0 3 1 5 . 4 8 4 9 0 5 1 5 . 5 3 6 1 7 9 1 5 . 3 2 3 1 1 8 

4 3 0 1 5 . 5 3 5 9 4 8 1 5 . 4 6 0 6 9 8 1 5 . 4 5 7 5 8 5 1 5 . 5 0 5 9 7 1 1 5 . 3 0 4 9 1 4 

4 4 0 1 5 . 5 0 5 7 5 3 1 5 . 4 3 4 7 4 2 1 5 . 4 3 1 8 0 5 1 5 . 4 7 7 4 6 4 1 5 . 2 8 7 7 3 5 

4 5 0 1 5 . 4 7 7 2 5 9 1 5 . 4 1 0 2 4 9 1 5 . 4 0 7 4 7 7 1 5 . 4 5 0 5 6 4 1 5 . 2 7 1 5 2 4 

4 6 0 1 5 . 4 5 0 3 7 0 1 5 . 3 8 7 1 3 6 1 5 . 3 8 4 5 2 0 1 5 . 4 2 5 1 8 0 1 5 . 2 5 6 2 2 7 

4 7 0 1 5 . 4 2 4 9 9 6 1 5 . 3 6 5 3 2 4 1 5 . 3 6 2 8 5 7 1 5 . 4 0 1 2 2 5 1 5 . 2 4 1 7 9 1 

4 8 0 1 5 . 4 0 1 0 5 2 1 5 . 3 4 4 7 4 2 1 5 . 3 4 2 4 1 3 1 5 . 3 7 8 6 2 0 1 5 . 2 2 8 1 6 9 

4 9 0 1 5 . 3 7 8 4 5 7 1 5 . 3 2 5 3 2 0 1 5 . 3 2 3 1 2 2 1 5 . 3 5 7 2 8 9 1 5 . 2 1 5 3 1 4 

5 0 0 1 5 . 3 5 7 1 3 5 1 5 . 3 0 6 9 9 1 1 5 . 3 0 4 9 1 7 1 5 . 3 3 7 1 5 9 1 5 . 2 0 3 1 8 3 

5 1 0 1 5 . 3 3 7 0 1 4 1 5 . 2 8 9 6 9 5 1 5 . 2 8 7 7 3 8 1 5 . 3 1 8 1 6 4 1 5 . 1 9 1 7 3 6 

5 2 0 1 5 . 3 1 8 0 2 7 1 5 . 2 7 3 3 7 4 1 5 . 2 7 1 5 2 7 1 5 . 3 0 0 2 3 9 1 5 . 1 8 0 9 3 3 

5 3 0 1 5 . 3 0 0 1 0 9 1 5 . 2 5 7 9 7 2 1 5 . 2 5 6 2 3 0 1 5 . 2 8 3 3 2 3 1 5 . 1 7 0 7 4 0 

5 4 0 1 5 . 2 8 3 2 0 1 1 5 . 2 4 3 4 3 8 1 5 . 2 4 1 7 9 4 1 5 . 2 6 7 3 6 1 1 5 . 1 6 1 1 2 0 

5 5 0 1 5 . 2 6 7 2 4 6 1 5 . 2 2 9 7 2 3 1 5 . 2 2 8 1 7 1 1 5 . 2 5 2 2 9 8 1 5 . 1 5 2 0 4 3 

5 6 0 1 5 . 2 5 2 1 8 9 1 5 . 2 1 6 7 8 0 1 5 . 2 1 5 3 1 6 1 5 . 2 3 8 0 8 4 1 5 . 1 4 3 4 7 7 

5 7 0 1 5 . 2 3 7 9 8 1 1 5 . 2 0 4 5 6 7 1 5 . 2 0 3 1 8 5 1 5 . 2 2 4 6 7 0 1 5 . 1 3 5 3 9 3 

5 8 0 1 5 . 2 2 4 5 7 3 1 5 . 1 9 3 0 4 2 1 5 . 1 9 1 7 3 8 1 5 . 2 1 2 0 1 2 1 5 . 1 2 7 7 6 5 

5 9 0 1 5 . 2 1 1 9 2 1 1 5 . 1 8 2 1 6 6 1 5 . 1 8 0 9 3 5 1 5 . 2 0 0 0 6 8 1 5 . 1 2 0 5 6 7 

6 0 0 1 5 . 1 9 9 9 8 1 1 5 . 1 7 1 9 0 3 1 5 . 1 7 0 7 4 2 1 5 . 1 8 8 7 9 6 1 5 . 1 1 3 7 7 4 
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6 1 0 1 5 . 1 8 8 7 1 4 1 5 . 1 6 2 2 1 8 1 5 . 1 6 1 1 2 2 1 5 . 1 7 8 1 5 9 1 5 . 1 0 7 3 6 4 

6 2 0 1 5 . 1 7 8 0 8 2 1 5 . 1 5 3 0 7 9 1 5 . 1 5 2 0 4 4 1 5 . 1 6 8 1 2 2 1 5 . 1 0 1 3 1 5 

6 3 0 1 5 . 1 6 8 0 4 9 1 5 . 1 4 4 4 5 4 1 5 . 1 4 3 4 7 8 1 5 . 1 5 8 6 5 0 1 5 . 0 9 5 6 0 7 

6 4 0 1 5 . 1 5 8 5 8 1 1 5 . 1 3 6 3 1 6 1 5 . 1 3 5 3 9 5 1 5 . 1 4 9 7 1 1 1 5 . 0 9 0 2 2 1 

6 5 0 1 5 . 1 4 9 6 4 7 1 5 . 1 2 8 6 3 6 1 5 . 1 2 7 7 6 7 1 5 . 1 4 1 2 7 7 1 5 . 0 8 5 1 3 8 

6 6 0 1 5 . 1 4 1 2 1 6 1 5 . 1 2 1 3 8 8 1 5 . 1 2 0 5 6 8 1 5 . 1 3 3 3 1 7 1 5 . 0 8 0 3 4 1 

6 7 0 1 5 . 1 3 3 2 6 0 1 5 . 1 1 4 5 4 9 1 5 . 1 1 3 7 7 6 1 5 . 1 2 5 8 0 6 1 5 . 0 7 5 8 1 5 

6 8 0 1 5 . 1 2 5 7 5 2 1 5 . 1 0 8 0 9 6 1 5 . 1 0 7 3 6 5 1 5 . 1 1 8 7 1 8 1 5 . 0 7 1 5 4 3 

6 9 0 1 5 . 1 1 8 6 6 7 1 5 . 1 0 2 0 0 6 1 5 . 1 0 1 3 1 7 1 5 . 1 1 2 0 3 0 1 5 . 0 6 7 5 1 3 

7 0 0 1 5 . 1 1 1 9 8 2 1 5 . 0 9 6 2 5 9 1 5 . 0 9 5 6 0 8 1 5 . 1 0 5 7 1 8 1 5 . 0 6 3 7 0 9 

7 1 0 1 5 . 1 0 5 6 7 3 1 5 . 0 9 0 8 3 6 1 5 . 0 9 0 2 2 2 1 5 . 0 9 9 7 6 2 1 5 . 0 6 0 1 2 0 

7 2 0 1 5 . 0 9 9 7 1 9 1 5 . 0 8 5 7 1 8 1 5 . 0 8 5 1 3 9 1 5 . 0 9 4 1 4 1 1 5 . 0 5 6 7 3 3 

7 3 0 1 5 . 0 9 4 1 0 1 1 5 . 0 8 0 8 8 9 1 5 . 0 8 0 3 4 2 1 5 . 0 8 8 8 3 8 1 5 . 0 5 3 5 3 6 

7 4 0 1 5 . 0 8 8 7 9 9 1 5 . 0 7 6 3 3 1 1 5 . 0 7 5 8 1 6 1 5 . 0 8 3 8 3 2 1 5 . 0 5 0 5 2 0 

7 5 0 1 5 . 0 8 3 7 9 6 1 5 . 0 7 2 0 3 1 1 5 . 0 7 1 5 4 4 1 5 . 0 7 9 1 0 9 1 5 . 0 4 7 6 7 4 

7 6 0 1 5 . 0 7 9 0 7 5 1 5 . 0 6 7 9 7 3 1 5 . 0 6 7 5 1 3 1 5 . 0 7 4 6 5 2 1 5 . 0 4 4 9 8 8 

7 7 0 1 5 . 0 7 4 6 2 0 1 5 . 0 6 4 1 4 3 1 5 . 0 6 3 7 1 0 1 5 . 0 7 0 4 4 6 1 5 . 0 4 2 4 5 3 

7 8 0 1 5 . 0 7 0 4 1 6 1 5 . 0 6 0 5 2 9 1 5 . 0 6 0 1 2 0 1 5 . 0 6 6 4 7 8 1 5 . 0 4 0 0 6 1 

7 9 0 1 5 . 0 6 6 4 4 9 1 5 . 0 5 7 1 1 9 1 5 . 0 5 6 7 3 3 1 5 . 0 6 2 7 3 2 1 5 . 0 3 7 8 0 4 

8 0 0 1 5 . 0 6 2 7 0 5 1 5 . 0 5 3 9 0 1 1 5 . 0 5 3 5 3 7 1 5 . 0 5 9 1 9 8 1 5 . 0 3 5 6 7 5 

8 1 0 1 5 . 0 5 9 1 7 2 1 5 . 0 5 0 8 6 4 1 5 . 0 5 0 5 2 1 1 5 . 0 5 5 8 6 3 1 5 . 0 3 3 6 6 5 
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8 2 0 1 5 . 0 5 5 8 3 9 1 5 . 0 4 7 9 9 9 1 5 . 0 4 7 6 7 4 1 5 . 0 5 2 7 1 5 1 5 . 0 3 1 7 6 8 

8 3 0 1 5 . 0 5 2 6 9 3 1 5 . 0 4 5 2 9 4 1 5 . 0 4 4 9 8 8 1 5 . 0 4 9 7 4 5 1 5 . 0 2 9 9 7 8 

8 4 0 1 5 . 0 4 9 7 2 4 1 5 . 0 4 2 7 4 2 1 5 . 0 4 2 4 5 4 1 5 . 0 4 6 9 4 3 1 5 . 0 2 8 2 8 9 

8 5 0 1 5 . 0 4 6 9 2 3 1 5 . 0 4 0 3 3 4 1 5 . 0 4 0 0 6 2 1 5 . 0 4 4 2 9 8 1 5 . 0 2 6 6 9 5 

8 6 0 1 5 . 0 4 4 2 7 9 1 5 . 0 3 8 0 6 2 1 5 . 0 3 7 8 0 5 1 5 . 0 4 1 8 0 2 1 5 . 0 2 5 1 9 1 

8 7 0 1 5 . 0 4 1 7 8 4 1 5 . 0 3 5 9 1 8 1 5 . 0 3 5 6 7 5 1 5 . 0 3 9 4 4 7 1 5 . 0 2 3 7 7 2 

8 8 0 1 5 . 0 3 9 4 3 0 1 5 . 0 3 3 8 9 4 1 5 . 0 3 3 6 6 5 1 5 . 0 3 7 2 2 5 1 5 . 0 2 2 4 3 3 

8 9 0 1 5 . 0 3 7 2 0 9 1 5 . 0 3 1 9 8 4 1 5 . 0 3 1 7 6 8 1 5 . 0 3 5 1 2 8 1 5 . 0 2 1 1 6 9 

9 0 0 1 5 . 0 3 5 1 1 2 1 5 . 0 3 0 1 8 2 1 5 . 0 2 9 9 7 9 1 5 . 0 3 3 1 4 8 1 5 . 0 1 9 9 7 6 

9 1 0 1 5 . 0 3 3 1 3 4 1 5 . 0 2 8 4 8 2 1 5 . 0 2 8 2 9 0 1 5 . 0 3 1 2 8 1 1 5 . 0 1 8 8 5 1 

9 2 0 1 5 . 0 3 1 2 6 7 1 5 . 0 2 6 8 7 7 1 5 . 0 2 6 6 9 6 1 5 . 0 2 9 5 1 9 1 5 . 0 1 7 7 8 9 

9 3 0 1 5 . 0 2 9 5 0 6 1 5 . 0 2 5 3 6 3 1 5 . 0 2 5 1 9 2 1 5 . 0 2 7 8 5 5 1 5 . 0 1 6 7 8 7 

9 4 0 1 5 . 0 2 7 8 4 3 1 5 . 0 2 3 9 3 4 1 5 . 0 2 3 7 7 2 1 5 . 0 2 6 2 8 6 1 5 . 0 1 5 8 4 1 

9 5 0 1 5 . 0 2 6 2 7 5 1 5 . 0 2 2 5 8 6 1 5 . 0 2 2 4 3 3 1 5 . 0 2 4 8 0 5 1 5 . 0 1 4 9 4 8 

9 6 0 1 5 . 0 2 4 7 9 4 1 5 . 0 2 1 3 1 3 1 5 . 0 2 1 1 6 9 1 5 . 0 2 3 4 0 8 1 5 . 0 1 4 1 0 6 

9 7 0 1 5 . 0 2 3 3 9 8 1 5 . 0 2 0 1 1 2 1 5 . 0 1 9 9 7 7 1 5 . 0 2 2 0 8 9 1 5 . 0 1 3 3 1 1 

9 8 0 1 5 . 0 2 2 0 7 9 1 5 . 0 1 8 9 7 9 1 5 . 0 1 8 8 5 1 1 5 . 0 2 0 8 4 4 1 5 . 0 1 2 5 6 1 

9 9 0 1 5 . 0 2 0 8 3 5 1 5 . 0 1 7 9 1 0 1 5 . 0 1 7 7 8 9 1 5 . 0 1 9 6 7 0 1 5 . 0 1 1 8 5 4 
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I n d i c a t i o n o f p e r c e n t O sub 2 a s a f u n c t i o n o f t i m e a t t h e p l a c e m e n t o f t h e 

c a n d l e ( C A N ) , t h e U p p e r L e f t r e g i o n ( U L ) , M i d d l e L e f t r e g i o n ( M L ) , L o w e r 

L e f t r e g i o n ( L L ) , U p p e r R i g h t r e g i o n ( U R ) , e t c . o f t h e c o n t a i n e r . 

0 L L 2 1 . 0 0 M L 2 1 . 0 0 U L 2 1 . 0 0 U R 2 1 . 0 0 C 0 2 1 . 0 0 C A N 1 9 . 0 0 B R 1 . 9 9 

1 0 L L 1 9 . 1 3 M L 2 2 . 1 3 U L 2 2 . 4 8 U R 2 2 . 4 8 C 0 2 2 . 4 3 C A N 1 9 . 9 1 B R 2 . 3 6 

2 0 L L 1 9 . 8 4 M L 2 1 . 8 5 U L 2 0 . 8 1 U R 2 0 . 8 1 C 0 2 1 . 3 9 C A N 1 8 . 7 1 B R 1 . 8 8 

3 0 L L 1 9 . 7 6 M L 2 0 . 9 0 U L 2 0 . 4 7 U R 2 0 . 4 7 C 0 2 1 . 7 5 C A N 1 8 . 8 8 B R 1 . 9 5 

4 0 L L 1 9 . 1 1 M L 2 0 . 4 2 U L 1 9 . 8 5 U R 1 9 . 8 5 C 0 2 1 . 8 0 C A N 1 9 . 0 7 B R 2 . 0 2 

5 0 L L 1 8 . 6 7 M L 1 9 . 9 5 U L 1 9 . 6 7 U R 1 9 . 6 7 C 0 2 1 . 2 9 C A N 1 8 . 6 3 B R 1 . 8 4 

6 0 L L 1 8 . 3 3 M L 1 9 . 8 2 U L 1 9 . 6 9 U R 1 9 . 6 9 C 0 2 0 . 8 7 C A N 1 8 . 2 2 B R 1 . 6 8 

7 0 L L 1 8 . 1 6 M L 1 9 . 7 7 U L 1 9 . 5 4 U R 1 9 . 5 4 C 0 2 0 . 5 5 C A N 1 7 . 9 0 B R 1 . 5 6 

8 0 L L 1 8 . 0 9 M L 1 9 . 6 4 U L 1 9 . 3 2 U R 1 9 . 3 2 C 0 2 0 . 3 3 C A N 1 7 . 6 7 B R 1 . 4 6 

9 0 L L 1 8 . 0 0 M L 1 9 . 4 6 U L 1 9 . 1 1 U R 1 9 . 1 1 C 0 2 0 . 2 0 C A N 1 7 . 5 3 B R 1 . 4 1 

1 0 0 L L 1 7 . 8 6 M L 1 9 . 2 7 U L 1 8 . 9 1 U R 1 8 . 9 1 C 0 2 0 . 1 0 C A N 1 7 . 4 3 B R 1 . 3 7 

1 1 0 L L 1 7 . 7 1 M L 1 9 . 0 9 U L 1 8 . 7 5 U R 1 8 . 7 5 C 0 1 9 . 9 7 C A N 1 7 . 3 1 B R 1 . 3 2 

1 2 0 L L 1 7 . 5 6 M L 1 8 . 9 3 U L 1 8 . 6 1 U R 1 8 . 6 1 C 0 1 9 . 8 3 C A N 1 7 . 1 8 B R 1 . 2 7 

1 3 0 L L 1 7 . 4 3 M L 1 8 . 7 9 U L 1 8 . 5 0 U R 1 8 . 5 0 C 0 1 9 . 6 8 C A N 1 7 . 0 5 B R 1 . 2 1 

1 4 0 L L 1 7 . 3 0 M L 1 8 . 6 8 U L 1 8 . 4 0 U R 1 8 . 4 0 C 0 1 9 . 5 4 C A N 1 6 . 9 1 B R 1 . 1 6 

1 5 0 L L 1 7 . 1 9 M L 1 8 . 5 7 U L 1 8 . 3 0 U R 1 8 . 3 0 C 0 1 9 . 4 0 C A N 1 6 . 7 8 B R 1 . 1 1 

1 6 0 L L 1 7 . 0 9 M L 1 8 . 4 7 U L 1 8 . 2 0 U R 1 8 . 2 0 C 0 1 9 . 2 8 C A N 1 6 . 6 7 B R 1 . 0 6 
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1 7 0 L L 1 7 . 0 0 M L 1 8 . 3 7 U L 1 8 . 1 0 U R 1 8 . 1 0 C 0 1 9 . 1 6 C A N 1 6 . 5 6 B R 1 . 0 2 

1 8 0 L L 1 6 . 9 1 M L 1 8 . 2 8 U L 1 8 . 0 1 U R 1 8 . 0 1 C 0 1 9 . 0 5 C A N 1 6 . 4 6 B R 0 . 9 8 

1 9 0 L L 1 6 . 8 3 M L 1 8 . 1 9 U L 1 7 . 9 3 U R 1 7 . 9 3 C 0 1 8 . 9 5 C A N 1 6 . 3 6 B R 0 . 9 4 

2 0 0 L L 1 6 . 7 4 M L 1 8 . 1 0 U L 1 7 . 8 4 U R 1 7 . 8 4 C 0 1 8 . 8 5 C A N 1 6 . 2 8 B R 0 . 9 1 

2 1 0 L L 1 6 . 6 6 M L 1 8 . 0 1 U L 1 7 . 7 6 U R 1 7 . 7 6 C 0 1 8 . 7 6 C A N 1 6 . 1 9 B R 0 . 8 7 

2 2 0 L L 1 6 . 5 9 M L 1 7 . 9 3 U L 1 7 . 6 9 U R 1 7 . 6 9 C 0 1 8 . 6 7 C A N 1 6 . 1 1 B R 0 . 8 4 

2 3 0 L L 1 6 . 5 1 M L 1 7 . 8 5 U L 1 7 . 6 1 U R 1 7 . 6 1 C 0 1 8 . 5 8 C A N 1 6 . 0 3 B R 0 . 8 1 

2 4 0 L L 1 6 . 4 4 M L 1 7 . 7 7 U L 1 7 . 5 5 U R 1 7 . 5 5 C 0 1 8 . 5 0 C A N 1 5 . 9 5 B R 0 . 7 8 

2 5 0 L L 1 6 . 3 7 M L 1 7 . 7 0 U L 1 7 . 4 8 U R 1 7 . 4 8 C 0 1 8 . 4 1 C A N 1 5 . 8 8 B R 0 . 7 5 

2 6 0 L L 1 6 . 3 0 M L 1 7 . 6 3 U L 1 7 . 4 2 U R 1 7 . 4 2 C 0 1 8 . 3 3 C A N 1 5 . 8 1 B R 0 . 7 2 

2 7 0 L L 1 6 . 2 4 M L 1 7 . 5 6 U L 1 7 . 3 6 U R 1 7 . 3 6 C 0 1 8 . 2 5 C A N 1 5 . 7 4 B R 0 . 6 9 

2 8 0 L L 1 6 . 1 7 M L 1 7 . 5 0 U L 1 7 . 3 0 U R 1 7 . 3 0 C 0 1 8 . 1 7 C A N 1 5 . 6 8 B R 0 . 6 7 

2 9 0 L L 1 6 . 1 1 M L 1 7 . 4 4 U L 1 7 . 2 5 U R 1 7 . 2 5 C 0 1 8 . 1 0 C A N 1 5 . 6 1 B R 0 . 6 4 

3 0 0 L L 1 6 . 0 6 M L 1 7 . 3 8 U L 1 7 . 2 0 U R 1 7 . 2 0 C 0 1 8 . 0 3 C A N 1 5 . 5 5 B R 0 . 6 2 

3 1 0 L L 1 6 . 0 0 M L 1 7 . 3 2 U L 1 7 . 1 5 U R 1 7 . 1 5 C 0 1 7 . 9 6 C A N 1 5 . 5 0 B R 0 . 6 0 

3 2 0 L L 1 5 . 9 5 M L 1 7 . 2 6 U L 1 7 . 1 0 U R 1 7 . 1 0 C 0 1 7 . 8 9 C A N 1 5 . 4 4 B R 0 . 5 7 

3 3 0 L L 1 5 . 8 9 M L 1 7 . 2 1 U L 1 7 . 0 6 U R 1 7 . 0 6 C 0 1 7 . 8 2 C A N 1 5 . 3 9 B R 0 . 5 5 

3 4 0 L L 1 5 . 8 4 M L 1 7 . 1 6 U L 1 7 . 0 2 U R 1 7 . 0 2 C 0 1 7 . 7 5 C A N 1 5 . 3 3 B R 0 . 5 3 

3 5 0 L L 1 5 . 8 0 M L 1 7 . 1 1 U L 1 6 . 9 8 U R 1 6 . 9 8 C 0 1 7 . 6 9 C A N 1 5 . 2 9 B R 0 . 5 1 

3 6 0 L L 1 5 . 7 5 M L 1 7 . 0 6 U L 1 6 . 9 4 U R 1 6 . 9 4 C 0 1 7 . 6 3 C A N 1 5 . 2 4 B R 0 . 4 9 

3 7 0 L L 1 5 . 7 0 M L 1 7 . 0 1 U L 1 6 . 9 0 U R 1 6 . 9 0 C 0 1 7 . 5 7 C A N 1 5 . 1 9 B R 0 . 4 7 
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3 8 0 L L 1 5 . 6 6 M L 1 6 . 9 6 U L 1 6 . 8 6 U R 1 6 . 8 6 C 0 1 7 . 5 1 C A N 1 5 . 1 5 B R 0 . 4 6 

3 9 0 L L 1 5 . 6 2 M L 1 6 . 9 2 U L 1 6 . 8 3 U R 1 6 . 8 3 C 0 1 7 . 4 5 C A N 1 5 . 1 0 B R 0 . 4 4 

4 0 0 L L 1 5 . 5 8 M L 1 6 . 8 8 U L 1 6 . 8 0 U R 1 6 . 8 0 C 0 1 7 . 3 9 C A N 1 5 . 0 6 B R 0 . 4 2 

4 1 0 L L 1 5 . 5 4 M L 1 6 . 8 3 U L 1 6 . 7 7 U R 1 6 . 7 7 C 0 1 7 . 3 3 C A N 1 5 . 0 2 B R 0 . 4 1 

4 2 0 L L 1 5 . 5 0 M L 1 6 . 7 9 U L 1 6 . 7 4 U R 1 6 . 7 4 C 0 1 7 . 2 8 C A N 1 4 . 9 9 B R 0 . 3 9 

4 3 0 L L 1 5 . 4 6 M L 1 6 . 7 5 U L 1 6 . 7 1 U R 1 6 . 7 1 C 0 1 7 . 2 3 C A N 1 4 . 9 5 B R 0 . 3 8 

4 4 0 L L 1 5 . 4 2 M L 1 6 . 7 2 U L 1 6 . 6 8 U R 1 6 . 6 8 C 0 1 7 . 1 7 C A N 1 4 . 9 2 B R 0 . 3 7 

4 5 0 L L 1 5 . 3 9 M L 1 6 . 6 8 U L 1 6 . 6 6 U R 1 6 . 6 6 C 0 1 7 . 1 2 C A N 1 4 . 8 8 B R 0 . 3 5 

4 6 0 L L 1 5 . 3 6 M L 1 6 . 6 4 U L 1 6 . 6 3 U R 1 6 . 6 3 C 0 1 7 . 0 7 C A N 1 4 . 8 5 B R 0 . 3 4 

4 7 0 L L 1 5 . 3 2 M L 1 6 . 6 1 U L 1 6 . 6 1 U R 1 6 . 6 1 C 0 1 7 . 0 2 C A N 1 4 . 8 2 B R 0 . 3 3 

4 8 0 L L 1 5 . 2 9 M L 1 6 . 5 7 U L 1 6 . 5 8 U R 1 6 . 5 8 C 0 1 6 . 9 7 C A N 1 4 . 7 9 B R 0 . 3 1 

4 9 0 L L 1 5 . 2 6 M L 1 6 . 5 4 U L 1 6 . 5 6 U R 1 6 . 5 6 C 0 1 6 . 9 2 C A N 1 4 . 7 6 B R 0 . 3 0 

5 0 0 L L 1 5 . 2 3 M L 1 6 . 5 1 U L 1 6 . 5 4 U R 1 6 . 5 4 C 0 1 6 . 8 7 C A N 1 4 . 7 3 B R 0 . 2 9 

5 1 0 L L 1 5 . 2 0 M L 1 6 . 4 7 U L 1 6 . 5 2 U R 1 6 . 5 2 C 0 1 6 . 8 3 C A N 1 4 . 7 1 B R 0 . 2 8 

5 2 0 L L 1 5 . 1 8 M L 1 6 . 4 4 U L 1 6 . 5 0 U R 1 6 . 5 0 C 0 1 6 . 7 8 C A N 1 4 . 6 8 B R 0 . 2 7 

5 3 0 L L 1 5 . 1 5 M L 1 6 . 4 1 U L 1 6 . 4 8 U R 1 6 . 4 8 C 0 1 6 . 7 4 C A N 1 4 . 6 6 B R 0 . 2 6 

5 4 0 L L 1 5 . 1 3 M L 1 6 . 3 8 U L 1 6 . 4 6 U R 1 6 . 4 6 C 0 1 6 . 6 9 C A N 1 4 . 6 4 B R 0 . 2 5 

5 5 0 L L 1 5 . 1 0 M L 1 6 . 3 5 U L 1 6 . 4 4 U R 1 6 . 4 4 C 0 1 6 . 6 5 C A N 1 4 . 6 1 B R 0 . 2 4 

5 6 0 L L 1 5 . 0 8 M L 1 6 . 3 2 U L 1 6 . 4 2 U R 1 6 . 4 2 C 0 1 6 . 6 0 C A N 1 4 . 5 9 B R 0 . 2 4 

5 7 0 L L 1 5 . 0 5 M L 1 6 . 3 0 U L 1 6 . 4 1 U R 1 6 . 4 1 C 0 1 6 . 5 6 C A N 1 4 . 5 7 B R 0 . 2 3 

5 8 0 L L 1 5 . 0 3 M L 1 6 . 2 7 U L 1 6 . 3 9 U R 1 6 . 3 9 C 0 1 6 . 5 2 C A N 1 4 . 5 5 B R 0 . 2 2 
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5 9 0 L L 1 5 . 0 1 M L 1 6 . 2 4 U L 1 6 . 3 7 U R 1 6 . 3 7 C 0 1 6 . 4 8 C A N 1 4 . 5 4 B R 0 . 2 1 

6 0 0 L L 1 4 . 9 9 M L 1 6 . 2 1 U L 1 6 . 3 6 U R 1 6 . 3 6 C 0 1 6 . 4 4 C A N 1 4 . 5 2 B R 0 . 2 1 

6 1 0 L L 1 4 . 9 7 M L 1 6 . 1 9 U L 1 6 . 3 4 U R 1 6 . 3 4 C 0 1 6 . 4 0 C A N 1 4 . 5 0 B R 0 . 2 0 

6 2 0 L L 1 4 . 9 5 M L 1 6 . 1 6 U L 1 6 . 3 3 U R 1 6 . 3 3 C 0 1 6 . 3 6 C A N 1 4 . 4 9 B R 0 . 1 9 

6 3 0 L L 1 4 . 9 3 M L 1 6 . 1 4 U L 1 6 . 3 1 U R 1 6 . 3 1 C 0 1 6 . 3 2 C A N 1 4 . 4 7 B R 0 . 1 9 

6 4 0 L L 1 4 . 9 1 M L 1 6 . 1 1 U L 1 6 . 3 0 U R 1 6 . 3 0 C 0 1 6 . 2 8 C A N 1 4 . 4 5 B R 0 . 1 8 

6 5 0 L L 1 4 . 9 0 M L 1 6 . 0 9 U L 1 6 . 2 8 U R 1 6 . 2 8 C 0 1 6 . 2 5 C A N 1 4 . 4 4 B R 0 . 1 8 

6 6 0 L L 1 4 . 8 8 M L 1 6 . 0 6 U L 1 6 . 2 7 U R 1 6 . 2 7 C 0 1 6 . 2 1 C A N 1 4 . 4 3 B R 0 . 1 7 

6 7 0 L L 1 4 . 8 6 M L 1 6 . 0 4 U L 1 6 . 2 5 U R 1 6 . 2 5 C 0 1 6 . 1 8 C A N 1 4 . 4 1 B R 0 . 1 7 

6 8 0 L L 1 4 . 8 5 M L 1 6 . 0 2 U L 1 6 . 2 4 U R 1 6 . 2 4 C 0 1 6 . 1 4 C A N 1 4 . 4 0 B R 0 . 1 6 

6 9 0 L L 1 4 . 8 3 M L 1 6 . 0 0 U L 1 6 . 2 2 U R 1 6 . 2 2 C 0 1 6 . 1 1 C A N 1 4 . 3 9 B R 0 . 1 6 

7 0 0 L L 1 4 . 8 2 M L 1 5 . 9 7 U L 1 6 . 2 1 U R 1 6 . 2 1 C 0 1 6 . 0 7 C A N 1 4 . 3 8 B R 0 . 1 5 

7 1 0 L L 1 4 . 8 1 M L 1 5 . 9 5 U L 1 6 . 2 0 U R 1 6 . 2 0 C 0 1 6 . 0 4 C A N 1 4 . 3 7 B R 0 . 1 5 

7 2 0 L L 1 4 . 7 9 M L 1 5 . 9 3 U L 1 6 . 1 8 U R 1 6 . 1 8 C 0 1 6 . 0 1 C A N 1 4 . 3 6 B R 0 . 1 4 

7 3 0 L L 1 4 . 7 8 M L 1 5 . 9 1 U L 1 6 . 1 7 U R 1 6 . 1 7 C 0 1 5 . 9 8 C A N 1 4 . 3 5 B R 0 . 1 4 

7 4 0 L L 1 4 . 7 7 M L 1 5 . 8 9 U L 1 6 . 1 5 U R 1 6 . 1 5 C 0 1 5 . 9 4 C A N 1 4 . 3 4 B R 0 . 1 3 

7 5 0 L L 1 4 . 7 5 M L 1 5 . 8 7 U L 1 6 . 1 4 U R 1 6 . 1 4 C 0 1 5 . 9 1 C A N 1 4 . 3 3 B R 0 . 1 3 

7 6 0 L L 1 4 . 7 4 M L 1 5 . 8 5 U L 1 6 . 1 3 U R 1 6 . 1 3 C 0 1 5 . 8 8 C A N 1 4 . 3 2 B R 0 . 1 3 

7 7 0 L L 1 4 . 7 3 M L 1 5 . 8 3 U L 1 6 . 1 1 U R 1 6 . 1 1 C 0 1 5 . 8 5 C A N 1 4 . 3 1 B R 0 . 1 2 

7 8 0 L L 1 4 . 7 2 M L 1 5 . 8 1 U L 1 6 . 1 0 U R 1 6 . 1 0 C 0 1 5 . 8 3 C A N 1 4 . 3 0 B R 0 . 1 2 

7 9 0 L L 1 4 . 7 1 M L 1 5 . 7 9 U L 1 6 . 0 9 U R 1 6 . 0 9 C 0 1 5 . 8 0 C A N 1 4 . 3 0 B R 0 . 1 2 
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8 0 0 L L 1 4 . 7 0 M L 1 5 . 7 7 U L 1 6 . 0 8 U R 1 6 . 0 8 C 0 1 5 . 7 7 C A N 1 4 . 2 9 B R 0 . 1 2 

8 1 0 L L 1 4 . 6 9 M L 1 5 . 7 5 U L 1 6 . 0 6 U R 1 6 . 0 6 C 0 1 5 . 7 4 C A N 1 4 . 2 8 B R 0 . 1 1 

8 2 0 L L 1 4 . 6 8 M L 1 5 . 7 3 U L 1 6 . 0 5 U R 1 6 . 0 5 C 0 1 5 . 7 2 C A N 1 4 . 2 7 B R 0 . 1 1 

8 3 0 L L 1 4 . 6 7 M L 1 5 . 7 1 U L 1 6 . 0 4 U R 1 6 . 0 4 C 0 1 5 . 6 9 C A N 1 4 . 2 7 B R 0 . 1 1 

8 4 0 L L 1 4 . 6 6 M L 1 5 . 7 0 U L 1 6 . 0 2 U R 1 6 . 0 2 C 0 1 5 . 6 6 C A N 1 4 . 2 6 B R 0 . 1 0 

8 5 0 L L 1 4 . 6 5 M L 1 5 . 6 8 U L 1 6 . 0 1 U R 1 6 . 0 1 C 0 1 5 . 6 4 C A N 1 4 . 2 6 B R 0 . 1 0 

8 6 0 L L 1 4 . 6 4 M L 1 5 . 6 6 U L 1 6 . 0 0 U R 1 6 . 0 0 C 0 1 5 . 6 2 C A N 1 4 . 2 5 B R 0 . 1 0 

8 7 0 L L 1 4 . 6 3 M L 1 5 . 6 4 U L 1 5 . 9 9 U R 1 5 . 9 9 C 0 1 5 . 5 9 C A N 1 4 . 2 4 B R 0 . 1 0 

8 8 0 L L 1 4 . 6 2 M L 1 5 . 6 3 U L 1 5 . 9 7 U R 1 5 . 9 7 C 0 1 5 . 5 7 C A N 1 4 . 2 4 B R 0 . 1 0 

8 9 0 L L 1 4 . 6 1 M L 1 5 . 6 1 U L 1 5 . 9 6 U R 1 5 . 9 6 C 0 1 5 . 5 5 C A N 1 4 . 2 3 B R 0 . 0 9 
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A P P E N D I X C . R E S U L T S FROM S E R I E S 1 AND 2 
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F I G U R E 1 1 . B u r n t i m e v e r s u s p e r c e n t O sub 2: S e n s o r 9 c m l e f t 

o f c e n t e r , 5 c m a b o v e b o t t o m , s e r i e s 2 . 

F I G U R E 1 2 . B u r n t i m e v e r s u s p e r c e n t O sub 2: S e n s o r 9 c m l e f t 

o f c e n t e r , 1 5 c m a b o v e b o t t o m , s e r i e s 1. 
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F I G U R E 1 3 . B u r n t i m e v e r s u s p e r c e n t O sub 2: S e n s o r 9 c m l e f t 

o f c e n t e r , 2 0 c m a b o v e b o t t o m . C r o s s d a t a p o i n t s : S e r i e s 1. 

C i r c u l a r d a t a p o i n t s : S e r i e s 2 . 

F I G U R E 1 4 . B u r n t i m e v e r s u s p e r c e n t O sub 2: S e n s o r 9 c m l e f t 

o f c e n t e r , 2 5 c m a b o v e b o t t o m , s e r i e s 1. 
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FIGURE 15. Burn time versus percent O sub 2: Sensor 0 c m right 

of center, 5 c m above bot tom. Cross da ta points: Series 1. 

Circular da ta points: Series 2. 

FIGURE 16. Burn time versus percent O sub 2: Sensor 0 c m right 

of center, 15 c m above bot tom, series 1 
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FIGURE 17. Burn time versus percent O sub 2: Sensor 0 c m right 

of center, 20 c m above bot tom, series 2. 

FIGURE 18. Burn time versus percent O sub 2: Sensor 0 c m right 

of center, 25 c m above bot tom, series 1. 
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FIGURE 19. Burn time versus percent O sub 2: Sensor 9 c m right 

of center, 5 c m above bot tom, series 2. 

FIGURE 20. Burn time versus percent O sub 2: Sensor 9 c m right 

of center, 10 c m above bot tom, series 2. 
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FIGURE 21. Burn time versus percent O sub 2: Sensor 9 c m right 

of center, 15 c m above bot tom. Cross da ta points: Series 1. 

Circular da ta points: Series 2. 

FIGURE 22. Burn time versus percent O sub 2: Sensor 9 c m right 

of center, 20 c m above bot tom. Cross da ta points: Series 1. 

Circular da ta points: Series 2. 
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FIGURE 23. Burn time versus percent O sub 2: Sensor 9 c m right 

of center, 25 c m above bot tom, series 1. 

FIGURE 24. Burn time versus percent O sub 2: Sensor 0 c m right 

of center, 5 c m above bo t tom with cleaning and water vari-

ations. Circle equals untouched walls, no water added to top of 

glass lid. Square equals walls wiped down, no water added to 

glass lid. Diamond equals walls wiped down, water added to top 

of glass lid. 
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FIGURE 25. Burn time versus experiment number, series 1. 

FIGURE 26. Burn time versus experiment number, series 1. 
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FIGURE 27. Mass of ethanol versus percent O sub 2, series 2. 

FIGURE 28. Experimental apparatus, external view. 
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FIGURE 29. Experimental apparatus , internal view. 


