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SUMMARY 

The effect of very low speed forced flows on the 

size and shape of a solid fuel diffusion flame are 

investigated experimentally. Flows due to natural 

convection are eliminated by performing the experiment 

in low gravity. The range of velocities tested is 

1.5 cm/s to 6.3 cm/s and the mole fraction of oxygen in 

the 0 /N atmosphere ranges from .15 to .19. The flames 

did not reach steady state in the 5.2 seconds to which 
2 2  

the experiment was limited. Despite limited data, 

trends in the transient flame temperature and, by means 

of extrapolation, the steady state flame size are 

deduced. A s  the flow velocity is reduced, the flames 

move farther from the fuel surface, and the transient 

flame temperature is lowered. A s  the oxygen 

concentration is lowered the flames move closer to the 

fuel sample and the transient flame temperature is 

lowered. With stand off distances up to 8.5 +.7 mm and 

thicknesses around 1 or 2 millimeters, these flames are 
- 

much weaker than flames observed at normal gravity. 

Based on the performance of the equipment and several 

qualitative observations, suggestions for future work 

are made. 
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CHAPTER I 

INTRODUCTION 

That hot air rises is a widely known fact. The 

flow induced by this rise, termed natural convection, 

affects any flame influenced by the Earth's 

gravitational field. Since the induced flow is a 

product of the flame, it is difficult to perform a 

combustion experiment in which the flow velocity is an 

independent variable. One approach is to investigate 

velocities much higher than the induced velocities, so 

that the effect of natural convection is relatively 

small. If one wishes to investigate the effect of a 

low speed forced flow on a flame, the natural 

convection must be eliminated. This can be done only 

by performing the experiment in a low gravity 

environment . 
Kimzey, et al, [l] performed many experiments in 

an airplane flying a parabolic trajectory to achieve 

low gravity. These experiments used a variety of fuels 

and attempted to rate their flammability in zero 

gravity. Other combustion experiments have been 

performed in drop towers. Andracchio and Cochran [21 

measured flame spread rates over very thin solids in 

low gravity. Kumagai and Isoda [ 3 ]  performed droplet 

burning experiments that were undisturbed by natural 
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convection. 

Okajima and Kumagai  [ 4 ]  descr ibed f lames a round  

moving d r o p l e t s  i n  low g r a v i t y ,  w i t h  v e l o c i t i e s  l e s s  

than  2 cm/s. As f a r  a s  t h e  a u t h o r  knows, t h i s  i s  t h e  

o n l y  combust ion  e x p e r i m e n t  pe r fo rmed  w i t h  s u c h  low 

v e l o c i t i e s ,  N o  e x p e r i m e n t s  h a v e  been  pe r fo rmed  f o r  

s o l i d  f u e l s  a t  these low v e l o c i t i e s .  T h i s  experiment, 

then, w i l l  i n v e s t i g a t e  t h e  n a t u r e  of d i f f u s i o n  flames 

above a s o l i d  f u e l  i n  v e r y  low speed fo rced  flows. 

An a b s e n c e  o f  da ta  i n  t h i s  f l o w  regime i s  n o t  t h e  

only  mot iva t ion  behind t h i s  work. Recent ly  T'ien [51 

performed a c a l c u l a t i o n  f o r  a s t a g n a t i o n  p o i n t  flame, 

w i t h  P M M A  a s  t h e  f u e l .  When sur face  r a d i a t i o n  was 

included i n  t h e  model, a low speed e x t i n c t i o n  l i m i t  was 

found ,  Fou tch  and  T ' i e n  [6] e x t e n d e d  t h e  c a l c u l a t i o n  

t o  t h e  mixed convec t ion  case and found t h e  same resul t .  

Chen [ 7 , 8 ]  p e r f o r m e d  a c a l c u l a t i o n  f o r  a f l a m e  

s t a b i l i z e d  a t  t h e  l e a d i n g  edge  of a t h i n  f u e l  p l a t e .  

I n c l u d i n g  r a d i a t i o n  i n  t h i s  model a l s o  r e s u l t e d  i n  a 

low speed e x t i n c t i o n  l i m i t .  So these  c a l c u l a t i o n s  

p r e d i c t  t h a t ,  a t  a g i v e n  oxygen c o n c e n t r a t i o n ,  t he re  

a r e  two l i m i t i n g  speeds: t h e  h i g h  speed blow o f f  

l i m i t ,  a n a l o g o u s  t o  b lowing  o u t  a match,  and  a low 

speed r a d i a t i v e  l i m i t .  T h i s  experiment w i l l  a t t empt  t o  

v e r i f y  t h e  e x i s t e n c e  of t h e  low speed l i m i t .  
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To eliminate natural convection the experiment is 

performed in the larger of NASA Lewis Research Center's 

drop towers, the Zero Gravity Facility. The l o w  flow 

velocities are obtained by moving the fuel sample 

through the quiescent atmosphere inside a combustion 

chamber. The only data taken are high speed motion 

pictures of the flame. 

In the remainder of this report, the apparatus and 

the decisions behind the design of the equipment are 

discussed. Then the results are presented, including 

the performance of the equipment, qualitative 

descriptions of flame shape and color, and quantitative 

flame dimensions. The flame dimensions are compared to 

Chen's calculations for this geometry [7,8,91. A t  the 

end the results are summed up and recommendations are 

made for further work. 



CHAPTER I1 

APPARATUS 

-- 11.1 The Zero-Gravity Facility 

Since the decision to utilize the Zero Gravity 

Facility greatly influenced the design of the 

experiment, the facility and its operation will be 

described first. This facility is essentially a giant, 

steel-walled vacuum chamber. Figure 1 is a cut away 

view of the Zero Gravity Facility. It is 6.1 meters in 

diameter and extends 145 meters beneath the ground. To 

prepare for a drop, the drop package, which consists of 

the experimental apparatus, a frame to support it, and 

a protective cover, is suspended at the top of the 

chamber by a single notched bolt. The chamber is 

evacuated to 1.3 Pascals (1.3 x atm) to minimize 

the air drag on the drop package. When the signal to 

start the drop is given, the notched bolt is sheared 

and the drop package falls freely. At the bottom the 

package is decelerated without damaging the equipment 

as it plunges into a large container filled with 

polystyrene beads. 

The shearing of the bolt imparts no significant 

rotation to the drop package and there is no 

4 
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significant air drag, so the resulting gravity level 

experienced by the drop package is very low -- less 
than g's (9.8 x l o w 5  m/sec'2). The duration of 

free fall is 5.2 seconds, limited of course by the 

distance the package can fall, 132 meters. The 

deceleration at the bottom averages 35 g's (340 m/sec2) 

for 120 milliseconds. The nature of the Zero Gravity 

Facility, then, requires that the experiment be 

automated, that the apparatus can survive the 

deceleration at impact, and that the experiment last no 

more than 5.2 seconds. This 5.2 second limitation is 

the most severe and it played a large part in the 

design of the experiment. 

11.2 The Combustion Chamber and the Drop Packacre 
The combustion chamber has been used for several 

different experiments. It is adequate, but not ideal 

for this experiment. Building a new chamber, though, 

would have been quite expensive and would have taken 

many months. The chamber that was used is shown in 

Figure 2. It is made of .48 centimeter (3/16 inch) 

thick stainless steel, with an internal volume of 113 

liters. The chamber was designed to hold a vacuum S O  

that it could easily be filled with any desired 

atmosphere, for this experiment a mixture of oxygen and 

nitrogen. The inside diameter is 39.6 centimeters and 
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the height from the bottom of the chamber to the lower 

flange is 25.4 centimeters. When the chamber is opened 

the top half slides to one side, clearing the bottom 

half by about one centimeter. This means that all the 

experimental apparatus that is to go inside the chamber 

must fit in the bottom section. 

The chamber is mounted on a supporting frame, as 

seen in Figure 3 .  Batteries to power the ignition 

system, the high speed camera, and the other 

electronics are mounted beside the chamber. There are 

several time delay relays to control the experiment 

during the drop. The combustion chamber has two 

viewing ports, one on the side of the chamber, 12.7 

centimeters from the bottom, and another at the top. 

There is a camera mount on the frame for each port. A 

metal cover protects the apparatus and ensures the 

proper flow of Styrofoam beads around the drop package 

so that the beads will decelerate it safely at the end 

of the drop. 

-- 11.3 The Camera and the Film 

A Teledyne high speed motion picture camera 

mounted at the top view port is used to record the 

results of the experiment. The camera can run at up to 

400  frames per second, but in order to provide an 



7 

exposure long enoughto seethe flame the camera is run 

at 6 0  frames/sec. The camera is 65 cm from the fuel 

sample. The main advantage of using the top view port 

rather than the side view port is that the entire 

travel of the sample can be seen with almost no 

distortion from the lens. The biggest disadvantage is 

that the resolution is not very good because the camera 

is so far from the sample. The film is 16 mm Kodak 

Ektachrome high speed video news film, S0251. This 

film is used for experiments in the Zero Gravity 

Facility because it does not degrade when exposed to a 

vacuum. The film is force processed 2 f-stops to 

enhance the image of the dim blue flame. 

11.4 Fuel 

The choice of fuel was affected by the time 

limitation imposed by the drop tower and by the nature 

of the experiment itself. If this experiment is to 

investigate the effect of radiation from the fuel 

surface then a fuel must be chosen that has a high 

surface temperature when burned. Also the fuel must be 

thin in order to minimize the ignition time. The fuel 

used for the experiment is nonadecane held in a 

Fiberf rax wick. 

Nonadecane (%9H40) is a straight chain 

At room temperature it is a waxy solid; hydrocarbon. 
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it melts at 306 K and boils at 603 K. Its other 

properties are listed in Table 1. When most liquid 

fuels burn the surface temperature is very near to the 

boiling temperature [lo]. So the surface burning 

temperature of nonadecane should be near 603 K. Some 

typical surface temperatures for burning solids in 

oxygen/nitrogen mixtures are: 700 K for PMMA in 

16% O2 [ll], 730 K for polystyrene in 17% O 2  [ll], and 

673 K for paper in air [12,13]. Comparing the fourth 

power of the boiling temperature of nonadecane to the 

fourth power of the surface temperatures of these 

burning solids shows that the radiative heat l o s s  from 

the burning nonadecane is about 45% - 65% of that from 

a typical solid. The results of Olson and T'ien [14] 

suggest that even reducing the surface radiation by 60% 

produces a significant effect on the extinction limit. 

Since the emissivity of the fuel sample is expected to 

be about the same as that of paper or PMMA, the surface 

temperature of the burning nonadecane is high enough 

for the effects of the surface radiation to be 

observed . 
Fiberfrax is used in industry as an insulator for 

furnaces and for other high temperature applications. 

It is made of SiO, and A 1 2 0 3  and can withstand 

temperatures up to 1260 C without degrading. Its 
0 
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I 

p r o p e r t i e s  a r e  l i s t e d  i n  Table  2. I t  i s  a spongy,  

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

t h i c k n e s s e s .  T h e  t h i n n e s t  F i b e r f r a x  i s  used  f o r  t h i s  

experiment, -08 c m  (1/32 i n ) .  

The f u e l  samples are made by dipping a small  p i e c e  

of F i b e r f r a x  i n t o  m e l t e d  nonadecane,  a l l o w i n g  t h e  

nonadecane t o  s o l i d i f y ,  and then  c u t t i n g  t h e  sample t o  

s i z e ,  3.75 c m  X -63 c m  (1.5 i n  X - 2 5  i n ) .  T h i s  

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

c o n d i t i o n s .  F i r s t  many s l i g h t l y  o v e r - s i z e d  F i b e r f r a x  

s a m p l e s  a r e  baked a t  13OoC under  a vacuum of  1 Pascal 

a t m )  f o r  s e v e r a l  hours t o  remove any moisture and 

c o n t a m i n a n t s .  These  samples  a r e  s t o r e d  i n s i d e  a 

p l a s t i c  bag i n  a d r y  box, which keeps  t h e  r e l a t i v e  

h u m i d i t y  of t h e  a i r  l e s s  t h a n  5%. The  samples a r e  

prepared i n s i d e  t h e  dry  box. The p i e c e s  of F ibe r f r ax  

a re  dipped i n t o  t h e  melted nonadecane and, i n  order  t o  

i n s u r e  t h a t  t h e  f u e l  is d i s t r i b u t e d  e v e n l y  through t h e  

w i c k ,  t h e  s a m p l e  i s  t u r n e d  s l o w l y ,  l i k e  a p i g  on a 

s p i t ,  w h i l e  t h e  nonadecane s o l i d i f i e s .  Then t h e  

samples are  c u t  t o  s i z e :  1.5 i n  by -25 in.  F i n a l l y  t h e  

s a m p l e s  a r e  weighed  t o  d e t e r m i n e  t h e  a r ea  d e n s i t y  of 

f u e l .  The t o t a l  a r e a  dens i ty  of eve ry  sample f a l l s  i n  

t h e  r a n g e  72 - 86  mg/cm2, measured t o  a n  a c c u r a c y  of 

- + 4 mg/cm2. Account ing  f o r  t h e  a rea  d e n s i t y  o f  t h e  
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Fiberfrax, 12-42 .1 mg/cm2, the fuel area density is 60 

- 742 4 mg/cm2. The fuel samples are not stored in the 

dry box after they are made. It is assumed that the 

waxy nonadecane will not absorb any moisture from the 

air . 
The resulting fuel sample is basically a candle -- 

an absorbent wick impregnated with a waxy solid. It 

also burns like a candle. The nonadecane melts when 

heated by the igniter and vaporizes from the fuel 

surface. A diffusion flame is then established above 

the fuel surface. Liquid nonadecane is wicked to the 

surface to replace the vaporized fuel. This system is 

also a good simulation of a solid burning. Instead of 

pyrolyzing, the nonadecane vaporizes. Instead of the 

fuel surface charring and receding, the liquid 

nonadecane is wicked to the surface. 

This difference between the fuel/wick system and a 

typical solid makes the fuel/wick system the better 

choice for this experiment. If the fuel surface were 

to recede or char during the course of the experiment 

the flow around the sample would be changed in an 

unpredictable way. For a thin fuel a receding fuel 

surface implies a spreading flame. Spreading 

velocities of several centimeters per second are not 

uncommon [15] and the spreading velocity depends on the 
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environment t h e  flame is i n .  For t h i s  experiment, t h e  

v e l o c i t y  of t h e  o x i d i z e r  r e l a t i v e  t o  t h e  flame is t o  be 

an independent v a r i a b l e  and s i n c e  t h e  v e l o c i t i e s  t o  be 

i n v e s t i g a t e d  here a r e  also a few c e n t i m e t e r s  p e r  

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

fuel /wick system meets t h i s  requirement. 

F igure  4 shows t h e  f u e l  s a m p l e  mounted i n  t h e  

h o l d e r  and t h e  p o s i t i o n  of t h e  f u e l  sample r e l a t i v e  t o  

t h e  i g n i t e r  wires. The h o l d e r  i n s u r e s  t h a t  t h e  flame 

i s  quenched  a t  t h e  end of t h e  sample .  T h i s  m a k e s  t h e  

f lame three  d i m e n s i o n a l  near  t h e  edges,  b u t  o n l y  a 

s m a l l  p o r t i o n o f t h e w i d t h o f t h e  flame is  a f f ec t ed ,  s o  

t h e  c e n t e r  p a r t  of  t h e  f l a m e  r e m a i n s  two d i m e n s i o n a l .  

The w i d t h  of t h e  sample exposed t o  t h e  flame, 2.5 c m  

(1 i n )  was chosen  from p a s t  work [15]  and  p r e l i m i n a r y  

t e s t i n g  t o  g i v e  a two dimensional flame. The l e n g t h  of 

t h e  sample i n  t h e  streamwise d i r e c t i o n  i s  k e p t  s m a l l ,  

-63 c m  (.25 i n ) ,  t o  m a k e  t h e  sample eas ie r  t o  i g n i t e  

and, s i n c e  t h e  whole s u r f a c e  is burning, t o  i n s u r e  t h a t  

t h e  flame is not  spreading  downstream. 

The  h o l d e r  i s  made of f o u r  L-shaped p i e c e s  of 

s p r i n g  s t e e l .  I t  was d e s i g n e d  t o  be a s  t h i n  a s  

p o s s i b l e  t o  a l l o w  t h e  f l a m e  t o  be s e e n  w e l l  and  t o  

min imize  t h e  f l o w  d i s t u r b a n c e  from t h e  h o l d e r .  The 

h o l d e r  is  wide enough so t h a t  t h e  t a i l  of t h e  flame is 
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not visibly affected. 

11.5 Isnition System 

The fuel sample is ignited by a pair of hot 

nichrome wires, 1.0 mm in diameter and approximately 

34 cm long. As shown in Figure 4 ,  the wires are bent 

in such a way to give even heating over the fuel 

surface while the sample travels between them. There 

is a gap of about 2 mm between the sample and each 

wire. To ignite the sample, the power to the wires is 

turned on at the start of the drop: 32 volts are 

applied across the wires and 55 amps flow through each 

wire. It takes about .5 seconds for the wires to get 

red hot. Preliminary tests in normal gravity indicated 

that the delay between the time the wires get hot and 

the time the sample is ignited is about one second, so 

power to the wires is turned off 1.5 seconds into the 

drop. To keep the ignition conditions the same for 

each drop, the speed of the sample as it is being 

ignited is always 3.7 cm/s. 

11.6 Drive Mechanism 

In order to obtain a uniform flow of oxidizer, the 

sample is moved through the quiescent atmosphere. It 

was felt that it would be very difficult to obtain a 

uniform flow of air past a stationary sample at such 
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low velocities. The drive system used to move the 

sample is shown in Figure 5. It consists of two guide 

rods, a lead screw, and a sliding block. The sample 

holder is mounted to this block. Linear bearings allow 

the sliding block to move easily on the guide rods. 

The sliding block floats on a nut threaded on the lead 

screw, as shown in Figure 6. As the lead screw turns, 

the sliding block is driven along the guide rods. 

Since the sliding block floats, no forces are 

transmitted laterally and the motion is not affected by 

any eccentricities in the lead screw. 

The lead screw is driven by a DC electric motor, 

through a 16:l gearbox and an additional set of gears. 

The additional gears are used to keep the length of the 

drive system as short as possible, since it has to fit 

in the bottom section of the combustion chamber. 

Choosing the appropriate gearing, the top speed of the 

drive system is 50 cm/s. With the limited distance and 

time, though, the highest speed that can be observed 

for the entire drop is 6.3 cm/s. Tests at higher 

speeds would have to be less than 5.2 seconds long. 

The electronics that control the motor allow for two 

speeds to be selected for each test. The time delay 

relays control when the motor is turned on and when the 

speed change, if any, occurs. 
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11.7 Experiment Procedure 

Normal ly  one d r o p  p e r  day i s  done a t  t h e  Zero  

G r a v i t y  F a c i l i t y .  T h i s  d r o p  i s  done i n  t h e  morning. 

The a f t e r n o o n  before  a d r o p  t h e  d r i v e  mechanism i s  

c a l i b r a t e d  t o  t h e  c o r r e c t  s p e e d  and  t h e  t i m e  f o r  t h e  

speed change i s  set. The next  morning t h e  appa ra tus  is 

fas tened  t o  t h e  f l o o r  of t h e  combustion chamber and t h e  

chamber i s  sea l ed .  The chamber i s  t h e n  e v a c u a t e d  and  

f i l l e d  w i t h  t h e  proper mixture  of oxygen and n i t rogen .  

A l l  t e s t s  were done a t  a p r e s s u r e  of one a tmosphe re ,  

14.7 p s i a .  The d r o p  package  is mounted i n  p o s i t i o n  a t  

t h e  top  of  t h e  d r o p  tower  and  t h e  a i r  i n  t h e  tower i s  

pumped ou t .  When t h e  s i g n a l  t o  s t a r t  t h e  d r o p  i s  

g i v e n ,  t h e  b o l t  i s  sheared by remote  c o n t r o l  and  t h e  

package s t a r t s  t o  f a l l .  

The s e q u e n c e  o f  e v e n t s  d u r i n g  t h e  d r o p  i s  

c o n t r o l l e d b y  a s e t  of  t i m e  d e l a y  r e l a y s .  The t i m e  s e t  

f o r  t h e  s p e e d  o f  t h e  motor  t o  change  i s  d e n o t e d  a s  To. 

For most t es t s ,  To i s  1.5 seconds .  For t es t s  a t  v e r y  

low v e l o c i t i e s ,  To i s  3.0 s e c o n d s  t o  i n s u r e  t h a t  t h e  

sample  w i l l  be f a r  enough from t h e  i g n i t e r  a t  t h e  end 

of t h e  drop. The sequence of e v e n t s  is: 

t=-2.0 sec : I n t e r n a l  l i g h t s  t u rned  on; camera 
tu rned  on. 
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t=O.O sec : Drop starts; Internal lights turned 
off; Power to igniter wires turned 
on . 

t=0.5 sec : Motor starts to drive sample. 

t=1.5 sec : Power to igniter turned off. 

t=To : Motor speed changed. 

t=5.2 sec : Drop ends. Air in chamber vented to 
the surrounding vacuum. 

The drop package is then recovered and the burned 

sample is saved. 

-- 11.8 Data Analysis 

Amotion analyzer is usedto extract the data from 

the film. The three essential components of the motion 

analyzer are the screen, the cursor, and the coordinate 

display. The film is back projected onto the screen 

and stopped at the desired frame. When the cursor is 

placed on the screen the frame number and the x and y 

coordinates of the cursor, relative to an origin fixed 

to the screen, appear on the display. Pushing the 

cursor button transmits this information to a personal 

computer. Several BASIC programs are used to collect 

the data, translate it into physical dimensions, and 

plot the results. 



CHAPTER I11 

RESULTS 

11.1 Evaluation of Equipment 
Since a large part ofthework behind this project 

involved the design and construction of the equipment, 

it is appropriate to spend some time discussing the 

success of the design. A l s o ,  the quality of the data 

depends largely on the equipment, so the quality of the 

data will also be discussed here. 

The least reliable part of the apparatus is the 

ignition system. The igniter wires draw a huge amount 

of current: 105 amps at 32 volts, or over 3200 watts. 

When everything was working right this presented no 

problem. But such a demand on the electrical system 

magnified every weakness in the system. Several times 

a single cell in the bank of batteries went bad, 

reducing the power to the wires enough to prevent the 

sample from igniting. If the load on the system had 

been smaller, the failure of one cell would not have 

had a s  severe an effect. This problem was aggravated 

by the need to wait three days for film processing to 

see the results of a test. During these three days 

another test would occur. When a cell went bad, two 

tests were affected instead of one. And the number of 

16 
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tests is severely limited by the demand for using the 

Zero Gravity facility and by the cost of each test. 

Even with enough power, though, proper ignition is 

difficult to achieve. In some tests only a portion of 

the sample ignited and the flame spread across the 

sample during the test. This spread was very slow and 

the flame front often remained flat, indicating that 

the flame was two dimensional. Some reliable data was 

obtained from these tests. Also, it is possible to 

have too much power. The problem with the cells was 

repaired and the electrical connections between the 

batteries and the igniter wires were strengthened. 

The wires got much brighter for these tests and the 

ignition was too powerful. The initial ball of flame 

generated was so large that when the sample emerged 

from between the wires, the heat feedback rate from the 

initial ball of flame was too low to sustain 

combustion. 

Despite these competing problems, the first 

several drops ignited well and provided good data, On 

the last few drops the ignition was too strong and on 

the drops in between the ignition was often to0 weak. 

A further description of the results of each drop can 

be found in Appendix B. 

The DC electric motor presented a minor problem. 
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It behaved differently when cold than when warmed up. 

It warmed up during calibrating, but it was dropped 

while cold, so the sample did not always travel at the 

desired speed. Only two tests were affected to a large 

degree by this problem. Although they ran at the wrong 

speed, the speed was constant and the tests provided 

useful results, though not as useful as they could have 

been. This problem can be fixed in future work by 

using a stepper motor to have more exact control over 

the position of the sample. 

The ignition system can be improved by using a 

shorter igniter wire that moves with the sample during 

the ignition phase of the drop. The smaller wire would 

draw less power and would not be as susceptible to 

weaknesses in the electrical system. Further work 

needs to be done to assure that the sample ignites 

across its entire width. 

Despite these equipment problems some good data 

were obtained. The sample proved to be the correct 

width for a two dimensional flame to form. The sample 

moved smoothly at a constant speed and the flames were 

symmetric about the sample. Useful qualitative 

information could be extracted from some of the less- 

than-perfect tests. 
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111.2 General Description sf Results 
Before starting a detailed analysis of the 

results, the general nature of the flames will be 

discussed. None of the flames reached steady state. 

Inall but one test the flame grewthroughoutthe drop, 

moving farther from the sample. So t o  draw any 

conclusions about steady state flames, some assumptions 

will have to be made. These will be introduced later. 

Also, when comparing the results of different drops, 

the rate of change of the particular result in question 

must be accounted for. Flame extinction was not 

observed, so no direct evidence of a low speed 

extinction limit was found. The trends in the results 

wil be examined for any indirect evidence of this 

limit . 
Figure 7 shows the appearance of the flame at the 

end of the drop for six different tests. There are two 

views of each flame. The pictures in the left column 

are the plan views of the flames as viewed in the 

mirror (see Figure 5). The pictures in the right 

column are the edge views of the flames and the 

samples, seen directly by the camera. The relative 

position of the sample to the flame is indicated in 

each photograph. The scale in all the photographs is 

the same, about 1.25 times larger than actual size. 
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The edge view is brighter because there is much more 

depth to the flame in this view. In the plan view one 

is looking through the thinnest part of the flame, so 

the flame is much dimmer. Figure 8 is a schematic 

representation of the edge view of the flame and its 

relation to the fuel sample. 

In a l l  cases the flame is brightest at the front 

of the flame, that part of the flame ahead of the 

sample as it moves. In these pictures the sample is 

always moving from left to right. The flame becomes 

dimmer and dimmer downstream of the front of the flame, 

until at some point the flame is no longer visible. 

This point marks the end of the visible flame. This 

region downstream of the sample will be called the tail 

of the flame. The part of the flame farthest upstream 

will be called the leading edge of the flame. 

These flames are very different from those 

observed during the testing of the equipment at normal 

gravity. The normal gravity flame was a thin blue 

sheet very close to the fuel surface, with a long 

yellow tail. These flames are very thick, 1 or 2 

millimeters, and are very far from the fuel surface, 

with stand off distances up to 8 millimeters. Only one 

of the low gravity flames had a yellow tail and this 

tail was much shorter than that of a normal gravity 
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flame. So the flames found in this experiment are very 

weak, low powered flames, much different from most 

flames that are observed in normal gravity. 

4- I11 3 Test Conditions and Repeatability 
The conditions of the twelve tests that provided 

data are shown in Table 3. The accuracies of the test 

conditions are discussed in Appendix A. Two- 

dimensional flames are observed in six of the tests. 

In the other six, marked by an asterisk, the sample was 

not ignited properly and the resulting flames are not 

two-dimensional. While these tests cannot be used for 

quantitative comparisons with the two-dimensional flame 

results, it is felt that some useful qualitative 

information can be obtained from them. 

Only data points 5 and 10 were repeated. For the 

first test at point 5 the camera was poorly focused, so 

these two tests can only be compared qualitatively. 

The shape of the flame and the transient from a blue to 

a yellow flame are very similar for the two tests. 

There is no discernible difference between the two 

tests, though there may be some differences that are 

hidden because the first test was out of focus. The 

flames of the two tests at point 10, neither of which 

is two-dimensional, are somewhat different. One flame 

is dim blue, while the other is bright blue with some 
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yellow at the leading edge of the flame. The flame 

dimension data do not agree either. These 

inconsistencies between the two tests are assumed to be 

attributable to the differences in the ignition. 

Because the flames at data point 10 are not two- 

dimensional, it is difficult to judge the repeatability 

of the flames that are. Instead of comparing results of 

repeated data points, the data will be examined for 

consistency between data points to judge the 

repeatability of the measurements. 

111.4 Method of Presentation 
Many ofthe results ofthedrops arepresentedas 

in Figure 9. The position on the graph gives the test 

conditions, the velocity of the sample, V, and the mole 

fraction of oxygen in the atmosphere, Xo2. The caption 

beside the point give sthe result ofthe test, forthis 

case the appearance of the flame. This "map" of the 

results is used because, especially with the flame 

dimension data, there are not enough data points to 

justify drawing a curve through them. Only the general 

trends can be deduced from the data and it is easier to 

see trends with these maps. 

111.5 Flame Shape and Color 

While qualitative, the shape and color of the 
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flame are very useful information. The color of the 

flame will be discussed first. Two colors are seen in 

these flames, blue and yellow. The blue part of a 

flame is usually a thin sheet. The flame is blue 

because one of the many reactions occurring in the 

flame releases a photon as one of the products. The 

temperature dependence of the rate that this particular 

reaction occurs is different from that of the rates of 

the other reactions occurring in the flame. Below a 

certain temperature, the photon-producing reaction is 

proceeding too slowly to produce enough photons for the 

camera to detect, but other reactions are still 

occurring. So the blue part of a flame marks the 

visible reaction zone, while the low temperature part 

of the reaction zone cannot be detected by the camera. 

Since the film was force processed the yellow regions 

are usually over-exposed. So the yellow zones are very 

bright, often nearly white, and no structure is visible 

inside these zones. The yellow part of the flame is 

caused by glowing soot particles. The formation of 

soot is governed by a combination of two factors, the 

flame temperature and the gas residence time in the 

reaction zone. All else being equal, for the flames in 

this experiment, increasing the flame temperature will 

increase the amount of soot formed. Similarly, 
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increasing the residence time -- either by decreasing 
the velocity of the gas or increasing the thickness of 

the flame -- will lead to more soot, if the temperature 
does not change. This soot formation model will be 

used to explain the flame color results. 

The yellow regions observed in the flames do not 

reach a steady state, but if soot forms during a test, 

it always forms in the samemanner. Firsta blue flame 

is established around the sample. The soot starts to 

form at the leading edge of the flame and then the soot 

zone spreads downstream. Next another region of soot 

forms in the tail, downstream of the sample. Now there 

are two regions of soot, with a blue reaction zone 

between them. These two regions merge very quickly and 

the soot spreads throughout the tail region. Referring 

to Figure 9, only two tests, data points 1 and 5 show 

some sign of soot in the tail. Of these, only point 5 

shows the soot spread through the tail. In four other 

tests -- 3, 4 ,  loa, and 1 2  -- soot started to form in 
the leading edge, but did not spread any farther. The 

flames in the remaining tests were all blue. 

Can any trends be deduced from this data? 

Comparing points 2 ,  3,  4,  and 5 ,  shows the trend that 

less soot is formed at lower velocities. Comparing 10a 

and 11, however, shows the opposite trend. A l s o ,  
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lowering the oxygen concentration should reduce the 

flame temperature and, therefore, should reduce the 

amount of soot formed. This trend is shown by 

points 5, 6 ,  and 11. However, more soot formed at 

point 12 than at either point 3 or 4 ,  reversing the 

expected trend. These anomalies, which are assumed to 

be attributable to variations in the ignition of the 

sample, make it impossible to draw conclusions about 

soot formation by comparing just two points. 

Nevertheless a conclusion can be drawn by observing the 

general trends among all data points. It is clear that 

more soot formed at points 1 and 5 than at any other 

point. These points are at the upper right portion of 

the 'map,' at the highest velocities and oxygen 

concentrations. All of the tests at lower velocities 

or oxygen concentrations showed less soot. So lowering 

velocity and oxygen concentration reduce the transient 

soot formation. 

This trend in transient soot formation can be 

linked to a trend in transient flame temperature. 

Since the gas residence time is being increased with 

lower velocity one would expect more soot to be formed 

at lower velocities. Instead less soot forms, 

indicating that, despite increasing the residence time, 

lowering the velocity lowers the temperature. A 
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similar trend is seen for lowering the oxygen 

concentration, which lowers the flame temperature and 

thereby reduces the amount of soot formed. 

The fact that yellow flames start as blue flames 

and progress through a series of steps until becoming 

all yellow raises the obvious question: will the 

flames that remained blue throughout the test turn 

yellow, given enough time? It is possible that the 

reason soot has not formed in the lower velocity flames 

is that these flames simply have not had time to 

develop. So the only conclusion that can be drawn from 

the flame color data is that the flames at lower 

velocities and oxygen concentrations are cooler during 

the first five seconds than the flames at the higher 

velocities and oxygen concentrations. 

As discussed above, the brightness of a blue flame 

is related to the reaction rate in the flame. The 

brighter the flame is, the faster the reaction is 

proceeding. The blue part of the flame in most of the 

tests were all about the same brightness. Only 

points 2, 7 ,  8, and 9 were noticeably dimmer. These 

tests were done at the lowest velocities. Again, no 

firm conclusion can be drawn, but this is an indication 

that the flames at lower velocities have lower reaction 

rates. 
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The flame shapes provide another clue. These 

shapes refer only to the blue part of the flames, so 

nothing can be said about the shape of the flame at 

point 5 after soot obscured the tail. Two types of 

shapes are observed, closed flames and open flames. 

For closed flames a blue reaction zone surrounds the 

fuel sample. For open flames, as seen in Figure 7, 

there is a break in the blue reaction zone in the tail 

of the flame. The tails of the open flames always 

curve back toward the fuel surface. Determining flame 

shape is not a simple task. The flame is brightest at 

the leading edge and gets dimmer and dimmer in the 

downstream direction. It is very difficult to tell 

just where the flame tail ends. It is often very 

difficult to tell whether the flame is open or closed. 

A l s o ,  the flame brightness in the tail varies during 

some tests. Sometimes a closed flame forms, then 

changes to an open flame, and then changes back to a 

closed flame. The flame shape is not a precise 

measurement so only general trends can be discussed. 

The flames at points land 5areclosedfor as long 

as they can be seen. The flame at point 4 starts 

closed, but has a very dim tail. The tail dims through 

the test and at the end of the test the flame is open, 

with the tails curving back toward the fuel surface. A 
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flame which changes  from open t o  c l o s e d ,  and  back 

again, is observed a t  p o i n t  11. It is open dur ing  most 

of t h e  t e s t ,  c l o s i n g  once  or  twice f o r  v e r y  b r i e f  

periods.  When it is open, t h e  t a i l s  a lways c u r v e  back 

toward t h e  f u e l  surface.  The f l a m e s  a t  p o i n t s  3, 8, 

10,  and 12 were open and t h e  t a i l s  a lways curved  back. 

The flames a t  p o i n t s  2, 7, and 9 d i d  n o t  p r o v i d e  

r e l i a b l e  shape data. 

The e f f e c t  of  v e l o c i t y  on t h e  flame s h a p e  c a n  be 

seen i n  F i g u r e  7 ,  which shows t h e  f l a m e s  j u s t  b e f o r e  

t h e  drop  ended. As t h e  v e l o c i t y  i s  l o w e r e d  t h e  flame 

becomes "more open." T h e  t a i l  d o e s  n o t  c u r v e  back a s  

much and t h e  e n d s  of  t h e  t a i l  a r e  f a r t h e r  a p a r t .  Also, 

t h e  p o i n t  t h a t  t h e  t a i l  s t a r t s t o  c u r v e  back toward t h e  

f u e l  s u r f a c e  moves downstream wi th  lowered v e l o c i t y .  N o  

t r e n d  can be seen f o r  va ry ing  t h e  oxygen concen t r a t ion  

w i t h  t h i s  d a t a .  The l e n g t h s  of a l l  of  t h e s e  flames a r e  

about equal. To sum up t h e  flame shape r e s u l t s ,  c l o s e d  

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

oxygen c o n c e n t r a t i o n s  t e s t ed .  As t h e  s p e e d  and  t h e  

oxygen concen t r a t ion  are lowered t h e  flames become more 

and more open. 

The re  a r e  two ways t o  e x p l a i n  t h e  d i f f e r e n c e s  

between an open and a closed flame. The f i r s t  i n v o l v e s  

t h e  i n v i s i b l e  r e a c t i o n  zone discussed above. I f  there  
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is a temperature below which the reaction that produces 

the blue photons will not proceed, then it is possible 

that there is still a reaction occurring in the tail of 

the open f l a m e , b u t a t a t e m p e r a t u r e t o o  low to produce 

these photons. The second explanation is that there is 

no reaction at all occurring in the open tail of the 

flame, due either to a lack of oxygen, a lack of fuel, 

or too low a temperature. There is no way to 

distinguish between these two cases with just pictures 

of the flames. In either case, the reaction rate in 

the tail of open flames is lower than that of closed 

flames, so open flames are, in this sense, weaker than 

closed flames. 

111.6 Flame Dimensions 

Only six tests gave results that were 

reliable enough to take quantitative flame dimensions 

from the films. The dimensions measured are shown in 

Figure 8. All dimensions, except for flame thickness, 

are measured from the outside edge of the visible 

flame. This edge is used, rather than the middle of 

the blue reaction zone, because some of the flames are 

yellow. The yellow, caused by glowing soot particles, 

obscures the blue reaction zone. Because soot forms on 

the fuel rich side of a diffusion flame, the outer 
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edge of the yellow zone can be assumed also to be the 

outer edge of the blue reaction zone, and it is the 

reaction zone which defines the flame. This is not 

necessarily true for the tail of the flame, however. 

The glowing soot can be convected downstream beyond the 

reaction zone, so that the reaction zone is completely 

obscured. 

Referring to Figure 8, the width of the flame, W, 

is defined at the leading edge of the sample. It is 

the distance in the cross-stream direction between the 

outer edges of the flame. The stand off distance, S, 

is measured from the leading edge of the sample to the 

leading edge of the flame, the point of the flame 

farthest upstream. A flame shape ratio, A, is defined 

as the ratio between the width and the stand off 

distance. The flame thickness, T, is measured from the 

leading edge of the flame to the inside edge of the 

reaction zone downstream of the leading edge. The 

length of the flame, L, is measured from the front of 

the flame to the end of the flame. For cases where the 

tail of the flame is open, the length is the average of 

the lengths of the two tails. The accuracy of these 

measurements is discussed in Appendix A. 

Two accuracies are used for the stand off distance 

and the flame shape ratio. There are two sources of 
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error in the stand off distance measurement, one of 

which depends on the position of the sample. If the 

sample is in the same position for different tests, 

then this error is the same in both cases. These two 

tests can be compared more accurately than two tests 

when the samples are in different positions. So when 

comparing between tests at the same velocity, or when 

comparing between two times that are close together on 

the same test, the "second accuracy" shown in 

Figures 10 and 12 can be used. When comparing flames 

from tests at different velocities, or at widely 

different times for the same test, the "first accuracy" 

must be used. A l s o ,  when reporting the absolute 

magnitude of the stand off distance, the first accuracy 

must be used. Since the stand off distance is used to 

calculate the flame shape ratio, similar reasoning 

applies to it. 

The flame dimensions are presented with the value 

of the dimension at the end of the drop and the rate 

that this value is changing at the end of the drop, 

calculated from a least squares curve fit of the last 

half second of data. The rate of change is often used 

to extrapolate the trend between two data points to the 

trend that would result if both the flames had reached 

steady state. For example, if both the stand off 
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distance and the rate at which the stand off distance 

is increasing are higher for one flame than for 

another, it is assumed that when both flames reach 

steady state, the first flame will still have the 

larger stand off distance. No predictions are made on 

how big the difference will be. 

III.6.a Stand Off Distance 

Figure 10 shows the variation of stand off 

distance, S, with the sample velocity, V ,  and the 

oxygen mole fraction in the atmosphere, X O 2 '  for the 

six data points. As explained in Appendix A, when 

comparing tests at the same velocity, the comparison is 

accurate to 2 . 3  mm. When comparing two tests at 

different velocities, or when reporting the absolute 

magnitude of the stand off distance, the accuracy is 

- + .7 mm. The variable S denotes the value of the stand 

off distance at the end of the drop, while S denotes 
0 

the rate at which the stand off distance is either 

increasing or decreasing at the end of the drop. 

The variation of stand off distance with velocity can 

be seen by comparing points 3 ,  4 ,  and 5 ,  at Xo2=.18 ,  

and by comparing points 8 and 11, at Xo2=.16 .  At 

point 3 ,  V=2.4 cm/s, the stand off distance at the end 

Of the drop is 8 . 4  mm, increasing at 1 mm/s. At 

point 4 ,  V = 3 . 6  cm/s, the value is 8 . 5  mm and is 
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increasing at .6 mm/s. Since the stand off distance is 

still changing in each case, it is impossible to tell 

which will have the larger value, elthough it seems the 

final value for point 3 will be larger since it is 

growing faster at the end of the drop. At point 5, 

V=6.3 cm/s and the stand off distance at the end of 

the drop is 5.5 mm, increasing at 1 mm/s. From these 

three points it can be seen that the stand off distance 

increases as the velocity decreases, although it may 

not change very much at lower velocities. This trend is 

also apparent when comparing points 8 and 11. For 

=.16 and V=1.4 cm/s, the stand off  distance point 8, 

is 6.5 mm at the end of the test, increasing at 

.5 mm/s. For V=6.2 cm/s the stand off distance is 

3.4 mm, increasing at 0.2 mm/s. Clearly the stand off 

distance is larger for the test with the lower 

velocity. 

x02 

Physically this trend makes sense. The stand off 

distance is determined by a balance between heat 

conduction and convection. As the velocity is 

decreased, the convection is weakened and heat can be 

conducted farther upstream, establishing the flame 

farther upstream and therefore increasing the stand off 

distance. Chen's work [7,8] demonstrates this trend 

theoretically. 
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The effect of oxygen concentration on the 

flame stand off distance is most clearly seen by 

comparing points 5 and 11, both at V=6.2 cm/s. The 

stand off distance for the test at the higher oxygen 

concentration was larger and increasing faster at the 

end of the drop than that for the test at the lower 

oxygen concentration. For point 5, with Xo2=.18, the 

stand off distance is 5.5 mm. For point 11, with 

XO2=.l6, it is 3.4 mm. So, for these two points, the 

stand off distance increases with oxygen concentration. 

This trend is also shown by comparing points 3 and 4 

withpoint 12. For point 12 V=2.9 cm/s. While there 

was no test at this velocity for XO2=.18, it can be 

assumed the result would lie between those for points 3 

and 4. The stand off distances at both points 3 and 4 

are larger than that at point 12, as are the rates of 

increase. The trend that stand off distance increases 

with increasing X is confirmed by these three points. 

This trend occurs because lowering the oxygen 

content lowers the flame temperature. Less heat is 

transferred to the fuel surface and less fuel is 

vaporized, so the blowing velocity at the wall due to 

the expansion of liquid fuel to gaseous fuel is 

lowered. The flame is then forced closer to the 

surface by the forced flow velocity. Chen's 
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calculation shows a similar trend [7,81. 

III.6.b Width 

Figure 11 shows the variation of the flame width 

with velocity and oxygen concentration. For points 3, 

4,  and 5 ,  all taken at the Xo2=,18 the flame width 

increases as the velocity decreases. The widths are 

still changing, but the widest flame, point 3 ,  is 

increasing the fastest, and the other widths are 

increasing at about the same rate, so it is assumed 

that the steady state flame widths will follow the same 

trend a s  these transient widths. A similar trend is 

seen by comparing points 8 and 11, taken at Xo2=.16. 

At the end of the test, the width is nearly steady in 

both cases. The final value for point 11, at 

V=6.2 cm/s, is 1.04 cm, compared to the final value of 

1.75 cm for point 8, at V = 1 , 4  cm/s, So the trend of 

increasing width with decreasing velocity is confirmed 

by these two points. 

The physics behind this trend is the same as that 

for the stand off distance. The width is determined by 

the distance the heat and the fuel can diffuse in the 

cross-stream direction while being convected 

downstream. This distance increases as the velocity is 

lowered. Again, Chen's work [7,8] showed this trend. 
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Figure 11 also shows that the width decreases with 

decreasing oxygen concentration. The width at point 5 

is larger and increasing faster than the width at 

point 11, so the steady state widths will follow the 

same trend as the widths at the end of the test: the 

flame at the higher oxygen concentration is wider. 

Comparing point 12 to points 3 and 4 also shows this 

trend. The final value is lower for point 12 than for 

either point 3 or 4 and the rate of increase is no 

faster than for either point 3 or 4,  so it can be 

assumed that the steady state width will also be lower. 

A similar comparison between points 8 and 11 and 

point 12 is inconclusive because the width at point 12 

is increasing faster than that for either point 8 or 

point 11. Nevertheless, the trend is that the width 

decreases with oxygen concentration. This follows the 

trend for the stand off distance. This would be 

expected because the width and the stand off distance 

are both determined by the same physical processes. 
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III.6.c Flame Shape Ratio 

The flame shape ratio, A, is defined as the ratio 

of the flame width to the stand off distance. The 

variation of A with velocity and oxygen concentration 

is shown in Figure 12. As explained in Appendix A, 

when comparing A at points with different velocities, 

the accuracy on A is When copparing A at points 

with the same velocity, the comparison is accurate to 

- + -2. Due to the greater error, no conclusions can be 

drawn about the variation of A with velocity at either 

X 0 2 = . l 8  or Xo2=.16. Chen [ 7 , 8 ]  found that A, within 

the accuracy of the measurement, remained constant for 

this velocity range. The only points that can be used 

to determine the trend with oxygen concentration are 

points 5 and 11. But A is decreasing at point 11 and 

is nearly steady at point 5, so the comparison is not 

very good. There is one weak piece of evidence to show 

that A decreases with increasing oxygen concentration. 

Every value of A at points 8,  11, and 12 is higher than 

any value at either points 3 ,  4 ,  or 5. Chen's 

calculation for this geometry showed a that A is nearly 

constant with varying oxygen concentration, decreasing 

slightly as the extinction limit is approached. The 

magnitude of this decrease is less than the error in 

the measurment here. So the flame shape ratio, A, is 

-5. 
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not very sensitive to changes in either velocity or 

oxygen concentration. 

III.6.d Thickness 

The results of the flame thickness measurements 

are shown in Figure 13. No data are given for 

points 3 ,  5,  and 12 because soot obscured the inside 

edge of the reaction zone. Measured thickness for 

these points showed steady growth, while the 

thicknesses for the other flames remained constant 

through the test. Because of the large scatter in the 

data, no meaningful estimate of the rate of change can 

be made to compare the three tests, so only the final 

values will be compared. Depending on the position of 

the sample, these measured thicknesses may be larger 

than the actual flame thicknesses because of the 

viewing angle. As the samplemovestothe edges ofthe 

field of view, the camera is no longer looking straight 

down on the flame, but rather at a slight angle. This 

angle would tend to make the flames look thicker than 

they are. This fact, combined with the large scatter 

in the thickness data, as seen in Figures C.19 to C.23, 

make it possible to draw only one conclusion from the 

thickness data. These flames, with thickness around 1 

or 2 millimeters, are much thicker than the flames 

observed when testing the fuel at normal gravity. 
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III.6.e Flame Lenqth 

The flame l e n g t h  was t h e  most d i f f i c u l t  dimension 

t o  measure because of t h e  n a t u r e  of  t h e  flames. I n  a l l  

cases t h e  l e a d i n g  edge was t h e  b r i g h t e s t  p a r t  of t h e  

flame. The  t a i l s  of t h e  flame g o t  dimmer and dimmer 

w i t h  d i s t a n c e  downstream. Because of  t h i s  g r a d u a l  

dimming it was d i f f i c u l t  t o  p i n p o i n t  t h e  end of t h e  

t a i l .  T h i s  problem was aggravated by t h e  need t o  force 

process  t h e  f i l m  t o  see t h e  b l u e  f lames.  The force  

p r o c e s s i n g  enhanced  t h e  b l u e  i n  t h e  f i l m ,  b u t  it a l s o  

t e n d e d  t o  m a k e  some of  t h e  g r a i n s  of  t h e  f i l m  b l u e  

a l s o .  O c c a s i o n a l l y  t hese  b l u e  g r a i n s  made t h e  f lame 

seem l o n g e r  t h a n  i t  was. T h e  r e s u l t  o f  t h e s e  

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

l e n g t h  data. 

F i g u r e  14 shows t h e  v a r i a t i o n  w i t h  V and  XO2 of 

t h e  ave rage  flame l e n g t h ,  L. For data p o i n t  5 t h e  s o o t  

i n  t h e  t a i l  o b s c u r e d  t h e  r e a c t i o n  zone, so no l e n g t h  

d a t a  c a n  be o b t a i n e d .  All of  t h e  f i n a l  v a l u e s  a r e  i n  

t h e  r a n g e  1.95 .2 c m ,  b u t t h e  r a t e s  of  change  a t  t h e  

end  of t h e  t e s t s  a r e  d i f f e r e n t .  The re  is no p a t t e r n  t o  

t h e  r a t e s  of change  a t  t h e  end of t h e  t e s t s ,  s o  no  

conc lus ions  can be drawn about t h e  dependence of flame 

l e n g t h  on V and XO2. 

Examining F i g u r e s  C.24 - C.28, w h i c h  show how t h e  



40 

flame l e n g t h  changes w i t h  t i m e  for  each tes t ,  p r o v i d e s  

some e x p l a n a t i o n  f o r  t h e  u n u s u a l  n a t u r e  of t h e  f lame 

l e n g t h  r e s u l t s .  Whi l e  p o i n t s  3 and 12 show no  more 

sca t t e r  t h a n  c o u l d  be e x p e c t e d  from i n n a c c u r a c i e s ,  

p o i n t s  4,  8,  and  11 show r a t h e r  l a r g e  f l u c t u a t i o n s  i n  

length  t h a t  are  more than  j u s t  measurement e r r o r .  For 

p o i n t s  4 and 11 t h e s e  f l u c t u a t i o n s  occur when t h e  flame 

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

sec t ion  111.5. W h i l e  t h e  l e n g t h  o f  t h e  f l a m e  a t  

poin t  8 f l u c t u a t e s  a t  t h e  end of t h e  d rop ,  i t  d o e s  n o t  

change t o  a c l o s e d  flame. So, on t o p  of a l a r g e  random 

s c a t t e r  i n  t h e  l e n g t h  d a t a  d u e  t o  t h e  d imness  of t h e  

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

some of t h e  flames.  



CHAPTER IV 

CONCLUSION 

itative descriptions of flame shape 

and quantitative flame dimension measurements 

nd color 

are used 

to investigate the effect of varying the velocity of 

the sample and the mole fraction of oxygen in the 

surrounding atmosphere on the very weak flames 

established above a solid fuel in a low speed forced 

flow. These two types of results will be combined to 

give as complete a description of these flames as 

possible with the present data. The front of the flame 

is the brightest and most clearly defined part of the 

flame, so the flame dimensions taken from the front of 

the flame are more accurate than the length 

measurements taken from the tail of the flame, which 

was very dim and seemed to fluctuate. The flame 

dimensions taken from the front of the flame -- stand 
off distance, width, and thickness -- showed regular 
and reasonable trends with varying velocity and oxygen 

concentration. From this evidence it is concluded that 

the phenomena at the front of the flame are repeatable, 

while those in the tail of the flame are not. 

None of the flames reached steady state so to 

compare results from different tests, some assumptions 
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must be made. When comparing flame dimensions it is 

assumed that if both the value and the rate of increase 

of a particular dimension are larger for one flame than 

for another, then the steady state flames will show the 

same trend. Using this assumption it is found that as 

the velocity is lowered the flame moves farther from 

the fuel surface. Both the stand off distance and the 

flame width increase with decreasing velocity. These 

trends are reversed when the oxygen mole fraction is 

lowered. The stand off distance and flame width 

decrease with lowered oxygen concentration. The flame 

shape ratio, defined as the ratio of the flame width at 

the leading edge of the sample to the stand off 

distance, was found to be insensitive to changes in 

velocity and oxygen concentration. These trends 

compare well with those from calculations by T'ien [5] 

and Chen [7,8,9]. However, these models predict the 

same general trends for the cases with and without 

surface radiation. Because there are only six data 

points and because the flames do not reach steady 

state, there is no way to tell whether this data match 

the calculations that include radiation any better than 

those that do not. So, while the most basic of trends 

can be deduced from the flame dimension data, no 

conclusion can be drawn about the existence of a low 



speed e x t i n c t i o n  l i m i t .  

W h i l e  t h e  t r e n d s  i n  t h e  flame d imens ion  da ta  a r e  

not  unusual ,  t h e  magnitude of t h e  f lame dimensions are. 

The smallest  s tand  o f f  d i s t ance  observed was 3 - 4 2  .7 mm 

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

8 . 4 5  .7 mm and i n  a l l  cases  t h e  s t a n d  o f f  d i s t a n c e  was 

growing a t  t h e  end of t h e  t e s t .  The f lame th i cknesses  

were a b o u t  1 o r  2 m i l l i m e t e r s .  These  f lames a r e  much 

f a r t h e r  from t h e  f u e l  sur face  and much t h i c k e r  than  t h e  

v a s t  m a j o r i t y  of  flames o b s e r v e d  i n  normal  g r a v i t y .  

These l a r g e  s t and  o f f  d i s t ances  mean t h a t  t h e  h e a t  f l u x  

t o t h e  f u e l  su r f ace  i s  v e r y l o w a n d t h a t t h e  flames a r e  

v e r y  weak. 

U s i n g  a s i m p l e  s o o t  f o r m a t i o n  m o d e l  some 

conc lus ions  about flame temperature can be drawn from 

t h e  q u a l i t a t i v e  flame c o l o r  data. More s o o t  formed a t  

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

concent ra t ions .  While lowering t h e  v e l o c i t y  i n c r e a s e s  

t h e  g a s  res idence t i m e ,  a i d i n g  s o o t  f o r m a t i o n ,  it i s  

o b s e r v e d  t h a t  l ess  s o o t  fo rms  a s  t h e  v e l o c i t y  i s  

lowered. These flames, the re fo re ,  m u s t  be c o o l e r  t han  

t h o s e  a t  h i g h e r  v e l o c i t i e s .  T h i s  c o n c l u s i o n  i s  o n l y  

f o r  t h e  t r a n s i e n t  f lames.  S o o t  f o r m a t i o n ,  when it 

occurred, d i d  so i n  a r egu la r  manner, s t a r t i n g  wi th  an 

a l l  b l u e  flame. I t  i s  p o s s i b l e  t h a t  t h e  flames a t  t h e  
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lower velocities are blue simply because they have not 

had time to develop soot yet. No conclusions can be 

drawn about the steady state temperatures from this 

data. The steady state calculations by T'ien 151 and 

Chen [7,8] predict that when surface radiation is 

neglected the flame temperature is independent of 

velocity, while for the case with radiation the flame 

temperature falls as the low speed limit is approached. 

Again the present data cannot differentiate between the 

two cases. 

There are several ways that future work can 

improve on the work done here. The biggest improvement 

would simply be to obtain more data. Using a more 

reliable ignition method will make this possible. A 

smaller igniter that moves with the sample will be more 

reliable than the large stationary igniter used here. 

Using a thermocouple would be much more reliable than 

estimating temperature based on the flame color. The 

flame dimension data could be improved by focusing the 

camera on a smaller area and thereby improving the 

resolution of the picture. Finally, the single biggest 

improvement would be to obtain more time at low 

g r av i ty . 
The major accomplishment of this work is in 

Improved equipment providing a base for future work. 
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design is only one way future work will benefit from 

this project. Several new topics of research are 

suggested by these results. Because the soot forms 

very slowly and in a regular manner, these flames might 

be used to study soot formation. A l s o ,  since these 

flames develop so slowly, they offer a good opportunity 

to investigate transient flame behavior. Finally, this 

work provides a good starting point for any further 

investigations into the low speed extinction limit. 
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P r o p e r t i e s  of Nonadecane 

Chemical forniul  a 

S p e c i f i c  G r a v i t y  

L l e l t i n g  P o i n t  

B o i l i n g  P o i n t  

Heat o f  Vapor isa t ion  : 

Heat of Combustion : 

Vapor Pressure 

‘1gH40 

.7857 ( a t  4 C)  

31.4 C 

336.2 C 

142.1 J / g r  

12,643 kJ/mol e 

1.46 kPa ( a t  18G C )  

13.3 kPa ( a t  248 C )  

Table 1. P r o p e r t i e s  o f  Nonadecane 
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Prope r t i e s  of Fi  berfrax 

Continuous use l i m i t  : 1260 C 

Me1 t i n g  Poin t  1790 C 

Density : 160-192 kg/ni3 

Spec i f i c  Heat : 1130 J/kg ( a t  1093 C )  

Thermal Conductivity : .072 W/m- C ( a t  427 C) 

.140 W/m- C ( a t  871 C )  

. 2  ( a t  427 C )  

. 5  ( a t  800 C )  

Ref 1 ec t i  v i t y  

Table 2.  Proper t ies  of F iber f rax  
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Data p o i n t  # 

Test Condi t ions 

V e l o c i t y  Oxygen Mol e F r a c t i o n  

1* 

2* 

3 

4 

5 

ti* 

7* 

d 

9* 

loa* 

lob*  

11 

12 

3.7 cm/s 

1.1 cm/s 

2.4 cm/s 

3.6 cm/s 

6 .3  ctn/s 

6 .2  cm/s 

0.0 cm/s 

1.4 cm/s 

1.8 cm/s 

3.8 cm/s 

3.7 cm/s 

6.1 cm/s 

2.9 cm/s 

.19 

.18 

.18 

.18 

.18 

.17 

.16 

.16 

.16 

.16 

.16 

.16 

.15 

* 
flame was n o t  two dimensional 

Table 3. Test  Conditons 



5 1  

Clean room 

C D 4992  

F i g u r e  1. Schematic o f  t h e  Zero G r a v i t y  F a c i l i t y .  
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AND ELECTR I CAL PORT 

Figure 2. Cross-Sectional Schematic o f  Combustion Chamber 
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ORIGINAL PAGE IS 
OF POOR Q ' J A U T Y  

F i g u r e  3 .  Combustion Chamber and Drop Package. 
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L I n s u l a t i n g  
B lock  

Figure 4. P o s i t i o n  o f  Fuel Sample, Sample Holder ,  and 

I g n i t e r  Wires 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Figure 5a. Drive Mechanism and Ignition System. 
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Figure 5b. Drive Mechanism and I g n i t i o n  System. 
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Flange and 
Wiper 

S1 i der B1 oc k 

Linear Bear i ng 

Guide Shaft  

\9 
N u t  and Flange 

Lead Screw 

Y Y 

Full Scale 

Figure 6. Section View o f  Slider Block and N u t  
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e Appearance at 

plan v i e w  edge v iew 

Figure 7. Flame Appearance a8 End of Drop 

a3 

v=2.4 c m / s  
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ppearance at End of Drop 

edge view 

Figure 7, cont’d. Flame Appearance at End of Drop 
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Figure 13. Flame Dimensions 
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APPENDIX A 

ERROR ANALY S IS 

- A.l Measurements from Film 

The only raw data in this experiment is high speed 

color motion pictures. All of the flame data and 

velocity measurements are taken off of these films 

using a motion analyzer linked to a personal computer. 

The errors associated with this process will be 

discussed here. 

The motion analyzer is equipped with a cursor. 

When the cursor is placed on the screen and the cursor 

button is pressed, the frame number and the x-y 

position of the cursor relative to a fixed-to-the 

screen origin are transmitted to the computer. In 

order to translate between the films and the physical 

world, the film data has to be calibrated. This is 

done by filming a scale marked in centimeters and 

determining the scaling factor between the motion 

analyzer coordinates and centimeters. It was found 

that there was a 2% variation in the apparent length of 

1 cm for different locations in the field of view. 

This discrepancy is probably due to simple 

foreshortening. Because this 2 %  error is much less 
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than the other uncertainties in the measurements, no 

attempt is made to account for this foreshortening. 

The resulting scale factor is that 3.72 cm corresponds 

to 1.0 motion analyzer scale units. The calibration 

was only made in the direction of travel. It is 

assumed that the same relation holds in the direction 

perpindicular to the travel direction. 

Because the sample is not visible during the 

experiment a red light emitting diode (LED) is fixed to 

the holder arm to indicate the position of the sample. 

This holder arm and the sample, however, are not the 

same distance from the camera and, as shown in 

Figure A.1, the apparent length between the LED and the 

sample depends on the position of the holder. Since 

the sample is far fromthe camera, theta is always less 

than - 2 5  radians, so the relation between the actual 

length from the L E D  to the sample and the distorted 

length should be nearly linear for this small range of 

theta. This relationship is determined experimentally 

by making a film of the sample traveling across the 

field of view while the lights are on. Since the 

sample can now be seen, a calibration can be made 

between the position of the holder LED and the leading 

edge of the sample. A line is fit to the data using 

the least squares method, with the result: 
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XSAMP=2.18 + .940*XLED 

where XSAMP and XLED are in the motion analyzer 

coordinates. The standard deviation of the data from 

this line is -017, which corresponds to .6 mm, or about 

1% of the distance from the LED to the sample. This 

will be taken as the accuracy of this relation between 

XSAMP and XLED. 

In addition to these errors, there are errors 

associated with the act of marking a point with the 

cursor. If a point is well defined, a sharp edge for 

example, the marking of that point is repeatable to 

.006 units in the motion analyzer coordinates, 

corresponding to .2 mm for this experiment. However, 

the dim blue flames do not have well defined points and 

measurements of the flame dimensions are much less 

repeatable. To estimate the accuracy of these 

measurements, data is taken from a single frame ten 

times. The accuracies given here are half of the 

spread between the highest and lowest values for each 

measurement: 

holder position: 2 -05 cm 

thickness : - t -03 cm 

flame length : 5 .1 cm 

flame width 0 -  + -04 cm 
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stand off dist.: 5 .03 cm 

. +  shape ratio . - 02 

In addition to error from marking the front of the 

flame, the stand off distance has an error due to the 

innaccuracy of the calibration discussed above. This 

error depends on the position of the holder. If two 

measurements are taken at nearly the same holder 

position, the error due to the calibration will be the 

same for each measurement and the two measurements can 

be compared to each other with the accuracy given 

above. If the measurements are taken at very different 

holder positions, an additional -06 cm of error is 

introduced because of the calibration. There are two 

cases where stand off distances can be compared with 

the above accuracy: when comparing neighboring points 

on stand off distance vs. time plots, as in Figure C.1, 

and when comparing final stand off distances for tests 

run at similar velocities, since the sample holder 

would have finished each test in the same position. A 

larger error must be used when comparing stand off 

distances at either end of the plot in Figure C.1 or 

final stand off distances run at different velocities. 

The same rules apply for the flame shape ratio, A. 

Since the error from the calibration and the 

error from the measurement off the motion analyzer are 



71 

i n d e p e n d e n t  of e a c h  o t h e r ,  t h e y  add t o g e t h e r  a s  t h e  

s q u a r e  r o o t  of  t h e  s u m  of  t h e  s q u a r e s .  The f o l l o w i n g  

a c c u r a c i e s  f o r  t h e  s t a n d  off d i s tance  and f o r  t h e  flame 

shape r a t i o  r e f l e c t  t h i s  a d d i t i o n a l  error: 

s t a n d  o f f  dis tance:  - + .7 mm 

flame shape r a t i o  : I + .5 

The g r e a t e r  e r r o r  w i l l  b e  c a l l e d  t h e  " f i r s t  a c c u r a c y "  

a n d  t h e  l e s s e r  e r r o r  w i l l  be  c a l l e d  t h e  a s e c o n d  

accuracy." To summarize t h e  d i f f e r e n c e  between t h e  two 

accuracies  f o r  t h e  s t a n d  o f f  d i s t a n c e  and t h e  flame 

s h a p e  r a t i o ,  t h e  second  a c c u r a c y  w i l l  be u s e d  t o  

determine t r e n d s  i n  t h e  resul ts  i n  t h e  l a s t  few moments 

of a test  or  between tests a t  s imilar  v e l o c i t i e s .  The 

f i r s t  a c c u r a c y  w i l l  be used when d e t e r m i n i n g  t r e n d s  

be tween t h e  b e g i n n i n g  a n d  t h e  end  of t h e  d r o p  and  

between t e s t s  a t  d i f f e r e n t  v e l o c i t i e s .  F i n a l l y ,  t h e  

f i r s t  accuracy, i.e. t h e  l a r g e r  error  estimate, m u s t  be 

used when r e p o r t i n g  t h e  a b s o l u t e  magnitude of t h e  s t a n d  

o f f  d i s t a n c e  and t h e  f lame shape r a t i o .  

- -  A.2 T i m e  

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

f l a s h e s  e v e r y  1 /100 th  of  a s econd ,  e x p o s i n g  a s m a l l  

p o r t i o n  of t h e  f i l m .  The  framing r a t e  of t h e  camera is 

c a l c u l a t e d  by count ing t h e  number of t iming m a r k s  t h a t  
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occur over a number of frames. The 

rate is near 67 frames per second. 

calculated framing 

It is now a simple 

matter to translate from the frame number provided by 

the motion analyzer into seconds. But it is not that 

simple due to an idiosyncrasy of the motion analyzer. 

It occaisionally and randomly miscounts the frames, at 

most leaving out about 1 frame in 25. So any time in 

this report can be as much as 4% l o w .  

- A.3 Velocity 

The velocity was calculated from the slope of the 

least squares fit to the holder position vs. time data. 

The 2 %  error in the scaling factor between the motion 

analyzer units and the physical world, as discussed 

above, yields a 2% error in velocity measurement. The 

velocities given here have been corrected for the error 

in the time data described above, but a 2% uncertainty 

still exists. Since these two uncertainties are 

independent of each other, they combine to a total 

uncertainty of 3%. 

- A.4 Oxvqen Mass Fraction 

The gage used to measure the partial pressure of 

oxygen and the total pressure in the tank is accurate 

to -0125 psia, or 86 Pa. For a test at 16% 0 , the 
actual value of the oxygen mole fraction is 16 5.1 %. 
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- -  Area Density of Fuel A.5 

The area density of the fuel in each sample was 

determined by measuring the mass, length, and width of 

each sample. An example calculation: 

area density= (195.9 - + .1 mg) 

l(3.84 - t.03 cm)*(.65 - +.03 cm)] 

= 785 4 mg/cm2. 

The area density of Fiberfrax was determined in a 

similar fashion, except a piece 15 cm square was used 

to reduce the error. The result: 

area density of Fiberf rax= 12-42 .1 mg/cm2. 

The fuel area density in this case is therefore 

68 2 4 mg/cm2. 
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Figure A . l .  Dis tor t ion  o f  Length Between LED and Front o f  Samplc. 



APPENDIX B 

DESCRIPTION OF TESTS 

In this appendix the development of the flame in 

each test is described. Particular attention is given 

to the ignition of the sample, the flame shape and 

color, and whether the flame is two-dimensional. The 

B-8-xx series of numbers is used in the Zero Gravity 

Facility to keep track of the various experiments. 

This number is attached to the apparatus during a drop 

so the experiment number is visible on the films. 

As explained in Appendix A, the times in these 

descriptions can be up to 4 %  low, due to an error in 

the motion analyzer. All the drops lasted 5.2 seconds, 

but the time measured with the motion analyzer varied 

somewhat from this. The motion analyzer times are used 

in the descriptions. 

Data point B-8-24:, V=3.7 cm/s, X02=.19 

The ignition wires get moderately bright. When the 

sample emerges from between the wires at t=2.5 sec., 

there is a small blue flamein front ofthe sample, but 

only on the top quarter of the plan view. This flame 

grows and spreads down the sample. At t=3.2 soot 

starts to form in the leading edge. The tail slowly 

lengthens, then at t=3.6 the flame propagates quickly 

75 
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through a premixed reg ion  and e n c l o s e s  t h e  sample wi th  

a b lue  r e a c t i o n  zone. The y e l l o w  s o o t  zone  c o n t i n u e s  

t o  grow. I n  t h e  p l a n  v i ew,  t h e  b l u e  f l a m e  i s  a c r o s s  

h a l f  t h e  sample ,  w i t h  t h e  c e n t e r  p a r t  o f  t h e  b l u e  

region obscured by y e l l o w  soot .  The f lame con t inues  t o  

grow, moving f a r t h e r  from t h e  f u e l  su r f ace .  The y e l l o w  

region becomes t h i c k e r  and sp reads  s l o w l y  downstream. 

A t t = 4 . 9  a s m a l l  y e l l o w  r e g i o n  fo rms  i n  t h e  t a i l ,  r i g h t  

on t o p  of t h e  b l u e  r e g i o n  i n  t h e  t a i l .  The d r o p  e n d s  

a t  t=4.95 sec. 

Data po in t  & B-8-27, V = l . l  c m / s ,  X02=.18 

The i g n i t i o n  wires g e t  v e r y  b r i g h t  and t h e  i n i t i a l  

f lame b a l l  is ve ry  l a r g e .  When t h e  sample emerges from 

between t h e  wires ,  t h e  f l a m e  b a l l  i s  about  2 c m  f rom 

t h e  f r o n t  o f  t h e  s a m p l e .  The  s p e e d  c h a n g e  f r o m  

V=3.7 c m / s  t o  V = l . l  c m / s  occurs  j u s t  a f t e r  t h e  sample 

emerges from t h e  wires, a t  t=3.0 sec. The f l a m e  b a l l  

d i m s  and s t o p s  expanding .  The s a m p l e  moves c l o s e r  t o  

t h e  f r o n t  of  t h e  f lame b a l l .  A t  t=4.6 a v e r y  dim b l u e  

f l a m e  becomes v i s i b l e .  The f lame rema ins  v e r y  l a r g e  

a n d  v e r y  dim u n t i l  t h e  end  o f  t h e  d rop ,  a t  t=5.1. N o  

f l a m e  c o u l d  be s e e n  i n  t h e  p l a n  view.  T h i s  f l a m e  may 

h a v e  been more of  a remnant  of  t h e  i n i t i a l  f l a m e  b a l l  

t h a n  a flame associated wi th  t h e  f u e l  sample. 
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Data p o i n t  & B-8-11, V=2.4 cm/s, X02=.18 

The i g n i t i o n  wires  g e t  q u i t e  b r i g h t .  The s p e e d  

change  o c c u r s  a t  t=1 .5  seconds ,  w h i l e  t h e  sample h a s  

t r a v e l e d  a b o u t  h a l f  t h e  d i s t a n c e  be tween t h e  wires.  

When t h e  s a m p l e  emerges from t h e  wires,  t h e  i n i t i a l  

f lame b a l l  i s  a b o u t  1 c m  away, w i t h  a f l a t  f r o n t  a c r o s s  

t h e  p l a n  view. The sample moves i n t o  t h e  b a l l  of f lame 

and a b l u e  f l a m e  i s  e s t a b l i s h e d  ac ross  t h e  who le  

l e a d i n g  edge  of  t h e  sample.  The f l a m e  t a i l  e x t e n d s  

back a t  a n  a n g l e ,  r e s e m b l i n g  a shock  wave i n  f r o n t  o f  a 

b l u n t  body. The e n d s  o f t h e t a i l s  s t a r t  t o m o v e  toward  

t h e  f u e l  s u r f a c e .  The f l a m e  is  a l l  b l u e  and  two 

d i m e n s i o n a l .  A t  t=4.5 t h e  f l a m e  t a i l  c u r v e s  back 

toward  t h e  f u e l  s u r f a c e  and a dim y e l l o w  r e g i o n  i s  

d e v e l o p i n g  i n  t h e  l e a d i n g  e d g e  r e g i o n .  The y e l l o w  

b r i g h t e n s ,  b u t  a t  t h e  end of  t h e  t e s t ,  t=5.1,  i t  is  

b a r e l y  v i s i b l e  across t h e  w h o l e  p l a n  view. 

Datapoint  & B-8-9, V=3.6, X02=.18 

The i g n i t i o n  wires get v e r y  b r i g h t  and t h e  sample 

emerges  from t h e  wi res  w i t h  t h e  flame b a l l  a b o u t  1 c m  

away. The sample emerges from t h e  f l a m e  b a l l  w i t h  a 

dim b l u e  flame i n  f r o n t  of t h e  sample, bu t  o n l y  a t  t h e  

t o p  o f  t h e  p l a n  v i e w .  A t  t = 3 . 2  a f l a m e  f r o n t  

p r o p a g a t e s  v e r y  q u i c k l y  from t h e  t o p  p a r t  of  t h e  t a i l  



78 

region down the back of the sample and around to the 

front of the bottom part of the sample. Now a closed, 

two dimensional, bright blue flame surrounds the 

sample. The flame grows slowly and the tail region 

gradually dims. At t=4.9 a dim region of yellow starts 

to form at the leading edge of the flame. At the end 

of the drop, t=5.2, the yellow has brightened somewhat, 

but is only barely visible in the plan view. 

Data point B-8-19, V=6.3 cm/s, X02=.18 

The wires get moderately bright. The speed change 

occurs when sample has traveled half the distance 

between the wires. At this time the initial flame ball 

is fairly small, about 1.5 cm in diameter. When the 

sample emerges from the wires, a small blue flame is 

established in front ofthe sample, but only at the top 

of the plan view. This blue flame grows slowly, and 

spreads across the sample. At t=3.0 a yellow region 

starts to form at the leading edge of the flame. The 

flame is about halfway across the sample now, but the 

tails of the flame do not extend downstream of the 

sample. The yellow gets brighter. It is starting at a 

point at the top of the plan view and spreading down 

the sample and downstream from there. At about t=3.3 a 

flame propagates through a premixed region in the rear 

of the flame to establish a closed blue flame in the 
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t a i l  region. The y e l l o w  region i n  f r o n t  of t h e  sample 

has  g o t t e n  q u i t e  t h i ck .  The y e l l o w  con t inues  t o  sp read  

a c r o s s  t h e  s a m p l e  and  downstream. A t  t=3.7 a y e l l o w  

r e g i o n  s t a r t s  t o  form i n  t h e  t a i l  of  t h e  f l a m e ,  and  it 

forms a t  t h e  t o p  of  t h e  p l a n  v i e w  f i r s t .  By t = 4 . 4  t h e  

y e l l o w  r e g i o n s  h a v e  merged, t hough  i n  t h e  p l a n  v i e w  a 

d im r e g i o n  c a n  be s e e n  between them. The w h o l e  f l a m e  

is  now y e l l o w ;  no b l u e  can be seen .  The t a i l  o f  t h e  

flame l eng thens  throughout t h e  remainder of t h e  drop, 

which e n d s  a t  t=5.1. 

Data p o i n t  & B-8-10, V=6.2 cm/s, X02=.17 

The i g n i t i o n  wires  g e t  q u i t e  b r i g h t .  

When t h e  sample emerges  from t h e  i n i t i a l  f l a m e  b a l l ,  

sma l l  b l u e  f l a m e s  a r e  e s t a b l i s h e d  i n  f r o n t  of  t h e  

s a m p l e  a t  e i t h e r  end  of  t h e  p l a n  view. These  f l a m e s  

l e n g t h e n  and s l o w l y  s p r e a d  a c r o s s  t h e  sample .  The 

d o u b l e  f l a m e  m a k e s  t h e  e d g e  v i ew look s t r a n g e .  The 

b r i g h t  b l u e  f lame cont inues  t o  grow. By t=3.3 t h e  two 

flames a r e  s t a r t i n g  t o  connec t .  A t  t = 4 . 4  t h e  v i ew o f  

t h e  f l a m e  is  o b s t r u c t e d .  ( I n  l a t e r  d r o p s  t h e  camera 

P o s i t i o n  i s  changed t o  p r e v e n t  t h i s  o b s t r u c t i o n . )  

Throughout t h e  drop t h e  center par t  of t h e  f lame never  

s t a b i l i z e s .  I t  seems t o  f l i c k e r  -- sometimes t h e  flame 

stretches a c r o s s  t h e  whole sample and sometimes t h e r e  
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are two distinct flames at either end of the sample. 

For this reason the flame is not two-dimensional. 

Data point B-8-17, V=O.O, X02=.16 

The ignition wires get quite bright, but the 

initial flame ball does not get very big, .9 cm from 

sample when it emerges from between the wires. After 

it has emerged, a flame is established in front of the 

sample. It is stronger at the top, but does extend 

across the width of the sample. As soon as the sample 

stops at t=3.0 this flames dims and the plan view does 

not show a flame. The flame in the edge view does not 

extend downstream of the sample. The flame remains dim 

and slowly lengthens. At t=4.5 the flame propagates 

quickly through a premixed region in the tail. Now 

there is an asymmetric flame around 3/4 of the sample. 

The flame dims and by t=5.0 it has almost disappeared. 

But at t=5.1 the flame has brightened and can be seen 

in the same position as it was when the flame was first 

established in the tail region. The sample stopped 

just 1.4 cm from the end of the wire. The average 

speed in the three seconds before it stopped was 

2.2 cm/s instead of the desired 3.7 cm/s. The sample 

moved very slowly at the beginning of the drop, then 

accelerated to 3.4 cm/s for the last one second before 

stopping. Since the sample was so close to the wire 
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and since the flame was asymmetric, this flame is not 

used in the flame dimension data. 

Data point & B-8-15, V=1.4 cm/s, X02=.16 

The speed of the sample changes at the beginning. 

It starts very slowly, then speeds up. The ignition 

wires get fairly bright. As the sample emerges from 

between the wires, the initial flame ball is 1.1 cm 

away. There is a dimblue flame across the tophalf of 

the plan view when the sample emerges from the intial 

flame ball. When the speed changes, at t=3.0, the 

flame starts to dim and become shorter. The tails of 

the flame move away from the fuel sample, and slowly 

start to lengthen. The drop ends at t=5.2. By 

watching the plan view while the film is moving, a 

very, very dim flame can be seen across the whole 

sample. The flame is judged to be two-dimensional. 

- Data point & B-8-28, V=1.8 cm/s, X02=.18 

The ignition wires get very bright and the flame 

ball is very large. When the sample emerges from 

between the wires, it is 2.1 cm away. The flame ball 

stops expanding and starts to dim. The sample moves 

closer to the edge of the flame ball and at t=4.5 a dim 

blue flame is established in front of the sample. The 

flame is the same shape as the old flame ball and the 
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t a i l s  of t h e  flame do  n o t  c u r v e  back t o  t h e  s u r f a c e .  

Nothing is v i s i b l e  i n  t h e  p l a n  view. The t a i l s  s l o w l y  

move toward t h e  f u e l  s u r f a c e ,  b u t  t h e  d r o p  e n d s  a t  

t=5.2. Again,  t h e  s a m p l e  moved a t  t h e  wrong s p e e d ,  

1.8 cm/s i n s t e a d  of  2.5 c m / s .  

Data p o i n t  loa, B-8-21, V=3.8 c m / s ,  X02=.16 

The i g n i t i o n  wires do n o t  g e t  ve ry  b r i g h t  and t h e  

sample  i g n i t e s  on t h e  s i d e  n e a r e s t  t h e  m i r r o r  f i r s t .  

When t h e  s a m p l e  emerges  f rom t h e  wires, t h e  i n i t i a l  

f l a m e  ball is .6 c m  f rom t h e  f r o n t  of  t h e  sample .  The 

flame n e a r l y  d i sappea r s  when it emerges from t h e  f lame 

b a l l ,  t h e n  a smal l  b l u e  f l a m e  a p p e a r s  a t  t h e  v e r y  t o p  

of t h e  p l a n  view. The f lame is b r i g h t  b l u e  and s l o w l y  

s t a r t s  t o  grow, s p r e a d i n g  downstream and a c r o s s  t h e  

sample. A t  t=4.5 a y e l l o w  reg ion  begins  t o  form a t  t h e  

l e a d i n g  edge  of t h e  f lame, and  a t  t h e  t o p  o f  t h e  p l a n  

view. When t h e  d r o p  e n d s  a t  t=5 .1  t h e  f l a m e  i s  s t i l l  

onlyacrosshalfofthesample. The f l a m e  i s  j u d g e d t o  

be t h r e e  d i m e n s i o n a l  because it  a l w a y s  seems t o  be 

a f f e c t e d  by s t a r t i n g  as  a t i n y  f l a m e  a t  t h e  t o p  of  t h e  

p l a n  view. Because it s tar ted small and sp read  dur ing  

t h e  drop, i t  is no t  a two-dimensional flame. 

- Data p o i n t  lob,  V=3.7 c m / s ,  X02=.16 

The i g n i t e r  wires do  n o t  g e t  v e r y  b r i g h t ,  t hough  



the flame ball is fairly large. When the sample 

emerges from the wires, the flame ball is about 1 cm 

from the sample. No flame is visible after the sample 

emerges from the flame ball itself. Then a very dim 

blue flame forms in front of the sample, at the bottom 

part of the plan view. A t  t=3.6 a flame propagates 

through a premixed region, starting at the side of the 

sample away from the mirror and propagating around to 

the other side. It can also be seen to propagate in 

the tail region oftheplanview,moving frombottomto 

top. When the propagation is finished, the flame in 

the tail disappears. When viewed at high speed, this 

whole process is visible as a flash of blue in the 

tail. This happens again at t=4.2 and again at t=4.8. 

In between these flashes the flame is very dim and only 

reaches a short distance downstream. The drop ends at 

t=5.2. Because the flame was only established at the 

bottom of the plan view and because these flashes 

occurred, the flame is judged to be three-dimensional. 

Data point 11, B-8-12, V=6.1 cm/s, X02=.16 

Only the wire on the side of the sample away from 

the mirror gets bright, but it gets very, very bright. 

The flame ball starts on this side of the sample and 

then spreads around it. When the sample emerges from 
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the wires, the flame ball is about 2 cm away, The 

sample emerges from the flame ball and a small blue 

flame is established in front of the sample at the 

bottom of the plan view. At t=3.0 there are two 

trailing yellow regions that are the remains of the 

ignition transient. As these fade away the flame 

becomes all blue, extending downstream past the sample, 

with a small gap in the tail of the flame. 

Occasionally through the drop the tail looks as though 

it might be closed. The flame does not change much. 

It is bright blue and stretches across half the sample 

in the plan view. The front of the flame is straight 

in the plan view. Until the drop ends at t=5.2 the 

flame remains the same, not spreading across the 

sample. The flame is judged to be two-dimensional 

because the flame front is flat in the plan view and 

because it is not spreading at a visible rate across 

the sample. 

Data point 12, B-8-18, V=2.9 cm/s, X02=.15 

The ignition wires get quite bright. When the 

sample emerges from between the wires, the flame ball 

is .9 cm away. The sample emerges from the flame ball 

with a small dim blue flame in front of the sample at 

the top of the plan view. The flame nearly surrounds 

the sample in the edge view, It is slowly spreading 
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across t h e  sample. A t  t=4.2 very  dim y e l l o w  appea r s  i n  

t h e  l e a d i n g  edge.  T h i s  y e l l o w  r e g i o n  grows b r i g h t e r  

t h r o u g h o u t  t h e  drop .  I t  is o n l y  v i s i b l e  as  a s p o t  i n  

t h e  p l a n  view. The d r o p  ends a t  t=5.2. W h i l e  t h e  

f lame s p r e a d s  a c r o s s  t h e  sample  d u r i n g  t h e  d r o p ,  t h e  

s p r e a d  i s  v e r y s l o w a n d t h e f l a m e  f r o n t  is f l a t ,  s o t h e  

flame is judged t o  be two-dimensional. 



APPENDIX C 

TRANSIENT FLAME DIMENSION DATA 

The  f o l l o w i n g  g r a p h s  a r e  t h e  r e s u l t s  o f  t h e  

a n a l y s i s  of t h e  f i l m s .  The v a r i a t i o n  o f  t h e  f lame 

dimensions wi th  t i m e  are  shown. Two l i n e a r  c u r v e  f i t s  

are given f o r  most cases, one f o r  a l l  t h e  data  p o i n t s ,  

t h e  o ther  f o r  approximately t h e  l a s t  h a l f  second. These 

c u r v e f i t s  a r e  f o u n d  u s i n g  t h e  l e a s t  s q u a r e s  method. 

The s tandard  d e v i a t i o n  is t h e  s t a n d a r d  d e v i a t i o n  of t h e  

d a t a  f rom t h e  l i n e .  I n  cases where an  o v e r a l l  l i n e a r  

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

h a l f  second is given.  
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