
Report No. 98 

OF TWO PARALLEL 

LINE FI.RES 

by 

Shao-lin Lee 

October 3.967 



INTERACTION OF m F U E L  

LINE FIRES 

by 

Shao-lin Lee * 
Associate Professor 

Department of  Mechanics 

S t a t e  University of New Pork a t  Stony Brook 

Report No. 98 

October 1967. 

* col laborat ion with Wen-~hen Huang, Department of Mechanical Engineering, 
Agricul tural  a n d  Technical College of North Carolina- 



ABSTRACT . 

I An experimental investigation is  made of the interaction of 

I two p a r a l l e l  simulatedly in f in i t e ly  long, th in  l i n e  f i r e s ,  Over the 

I range of the experiment, the smaller of the two flames has been found' 

t o  lean toward the l a rge r  flame a t  a r e l a t ive ly  small angle fromthe 

I horizontal, whersas the larger  flame has been found t o  lean toward the 

I smaller flame a t  an angle the magnitude of which depends very sensitively 

I on the strengths of the two flames and the distance between them, It 

is hoped t h a t  such an investigation will contribute t o  the understanding 

of some of the mechanisms by which a f r ee  burning f i r e  spreads, 



I 
I 

INTRODUCTION 

i The control  of f o r e s t  f i r e s  has become a problem of increasing concern 

I in recent years and many e f fo r t s  have been directed towards the understanding of. 

I the various mechanisms by which a f ree  burning f i r e  spreads through the forest. 

I One such important mechaisn i s  the feedback of hea t  and matter which likewise 

moves a f i r e  f ron t  through a p r e ~ i x e d  gas mixture or  along a wall board. 

Normally, the unignited t rees  and brush i n  the  immediate neighborhood of the 

f i r e  a re  heated la rge ly  by radiation f r o m  the  flame and embers i n  the f i r e  and 

I the flames above the trees.  In the absence of a s ignif icant  prevailing wind 

the unignited t r e e s  w i l l  be cooled somewhat by the a i r  entrained by the f i re ,  

The n e t  heating causes f i r s t  drying and then'pyrolysis a f  the f u e l  t o  support 

the combustion in the flame, 

In the presence of a prevailtag wind, the t i l t i n g  of the flames has 

been generally observed. This change in the or ientat ion of the flame front I 
I increases the r a t e  of heating of the unburned fuel layer  and thus the rate of 

( spread of the  flame front. Countryman (1964) [I] experimentally studied ful l -  
i 

1 scale la rge  f i r e s  under prevailing wind. He found t h a t  the in i t i a t ion  of 

/ burning of the f i e 1  i n  the region in front of the  flame f ron t  was caused by a 

I combination of radiant heating of the fue l  by the heat flames and showers of 

small f irebrands f a l l i n g  on heated fuels. However, t h i s  region was much narrower i 
I on the  windward side than on the do~r jn . ,d  side. Laboratory experiments on the 

ra te  of spread of f i r e  through a long f u e l  bed in a controlled prevailing wb.d 
1 

in a wind tunnel have been carried on by Fons (1946) [2], Anderson and Rothemel.. 

(1965) C31, and Byram e t  a l .  (1966) [ L ] .  It i s  generally established that the 

ra te  of spread of the flame f ront  in to  the unburned region will  be independent 



4' 

of the speed of the prevailing wind i f  the unburned region i s  i n  the upwind 

I 
direction, but  w i l l  increase k i th  the increase of the speed of the prevailing 

/ wind i f  the  unburned region i s  i n  the downwind direction. Byram e t  al .  (1966) 

C4I also investigated the r a t e  of f i r e  spread up a sloping surface and found 

the flame displaced upslope along the surface and t i l t e d  toward the surface in . 

the same manner a s  the flames for a wind-driven f i r e  on the horizontal, How- 

ever, the important difference is  that  the component of buoyancy force along 

I 
the sloping surf ace increases with increasing f i r e  intensi ty ,  whereas the 

i n e r t i a l  forces i n  3 wind stream remain constant f o r  a given wind speed. A ' 

I slope-driven f i r e  in heavy fue l  can therefore build up very rapidly to  a high 

I ra te  of spread, 

I When two f r e e  burning f i r e s  are reasonably close t o  each other, the i r  
I 

I 
flames will be t i l t e d  toward each other due t o  the  pressure f i e l d  induced by 

the na tu ra l  convection flows i n  much the same way a s  a slope-driven f i r e  toward 

I the sloping surface. Thomas, Baldwin, and Heselden (1965) CSl eqerimentally 

( investigated the merging of the established flames above two rectangular fuel  

( beds separated from each other by s distance smaller than t h e i r  respective 

I representative sizes. Their in te res t  was more on the height of the resulting 

i flame than the izkeraction b'etween the two contributing flames. Lee and L h g  

(1967) [61 studied the velocity and temperature f i e l d s  of the natural convection 

plume above a t h i n  c i rcu lar  ring f i r e .  They a l so  reported tha t  the flame 

established a t  the r ing burner in  a l l  cases encountered i n  tha t  investigation 

I was found t o  be f a i r l y  uniform i n  height along the peripherical length'of the 
I .  

burner and leaned toward the burner axis a t  such a small angle relative t o  the 
. 

horizontal  plane of the platform tha t  it almost seemed t o  l i e  on the platform- 

It follows natural ly  t h a t  the study of the interact ion of two pa ra l l e l  thin, 

1 



I inf in i te ly  long, l i n e  f i r e s  of equal or  unequal strengths w i l l  prove useful in 

I trying t o  understand the e s sen t i a l  features of the interaction between f i r e s  I 

I of more general nature, Such a set-up i s  so  variable that  it contains most of 

I the more important parameters of the phenomenon, yet so simple tha t  the results 

obtained there in  may be hopefully more e a s i l y  reported i n  a universal form. 

I These results can be used t o  estimate the in te rac t ion  of the central  portions of 

I two reasonably long and approximately p a r a l l e l  l i n e  f i res .  

i EXPERIMENTAL APPARATUS 
I 

The experimental apparatus consis ts  primarily of two items, the l ine  

channel burners and the experimental cage. 

(A) The l i n e  channel burners. 

I The two ident ica l  l i n e  channel burners, a s  shown in the sketch of 

Figure 1, a r e  of 1/32-in. galvanized s t e e l  p l a t e  construction 6 f e e t  long, 7 

inches high and with a width tapered from 1 inch a t  the bottom t o  about 1-1/4 

I inches a t  the  top. The top edges of the burners are reinforced with straight 

I 3/4"x3/lrnx1/8" s t e e l  angles. The pa ra l l e l  faces  of the s t e e l  angles form an 

I opening of 3/lr of an inch wide a t  the top of the channel burner. One layer of 

200 mesh and four  layers  of 100 mesh s t a in l e s s  s t e e l  screens a re  stretched 

across the  channel width a t  a leve l  immediately below the s t e e l  angles both t o  

I help smooth up the flow of the gaseous f u e l  t o  the burner top and t o  form a 

I flame holder  f o r  the burner. Five layers of No, I48 s t e e l  screens are stretched 
i 

1 across the  channel width near the bottom of the channel and the space between 

! the screen layers  near the top and those near the bottom of the burner is 

loosely f i l l e d  with s t e e l  wool t o  fur ther  help smooth up the flow of the gaseous. 

I fuel-  Thirty-two evenly spaced Fnlets a t  t he  bottom'of the burner supply gaseous 

I f i e1  t o  the burner from two ident ical  f u e l  d is t r ibut ion  tanks through pieces of 

1 .  



flexible p l a s t i c  tubes of equal length. Propane gas i s  supplied t o  the fuel  

dis t r ibut ion tanks from a pressurized f u e l  tank through a ser ies  of fine pressure 

regulators and careful ly  metered passages. A piece of s t ra ight  1/2 inch copper 

tubing is soldered onto the outside on both s ides  of the burner a t  a level of 

about one inch from the burner top t o  form a cooling jacket fo r  the burner. 

To prevent the burner from being overheated, cooling water i s  run through the 

cooling jacket through a carefully metered passage. A thermometer is  placed 

a t  the  i n l e t  and the ou t l e t  of the cooling jacket of each of the t i70  burners to  

help measure the heat f lux  from the flame t o  the cooling water a t  each burner, 

(B) The experimental cage, 

The experimental cage i s  a rectangular s t e e l  frame structure 6 feet  

long, 6 f e e t  wide and 12 f e e t  t a l l ,  located i n  the cent ra l  portion of a large 

laboratory room. The two p a r a l l e l  l ine  channel burners a re  placed horizontally 

across the  width of the cage on a p a i r  of p a r a l l e l  s t e e l  beams close to  and 

alongside the  s ides  of the cage. A removable s e t  of rectangular asbestos plates 

are  placed on the s ides  of the burners and s e t  f lush  with the top of the burners, 

now a t  a height of about two and a half  f e e t  from the f loor ,  t o  f o r m  a horizontal 

platform across the t o t a l  cross section of the case. Joints  around the edges of 

the asbestos p l a t e s  a re  temporarily sealed with s t r i p s  of asbestos tape t o  pre- 

vent air leakage from below t o  the t e s t  sect ion of the cage above the platform. 

Four d i f f e ren t  s e t s  of rectangular asbestos p la tes  are  used, each making the 

dis tance between the center l ines  of the two burners 0.5, 1.0, 1.5 and 2.0 feet  

respectively,  The t e s t  section of the cage is separated from the surroundings 

by two p a r a l l e l  v e r t i c a l  walls, one along each side and extending from the level  

of t h e  platform t o  the  t o t a l  height of the cage, t o  provide a two-dimensional 

passage f o r  t h e  flow therein. The wall on the back side i s  made of asbestos 



I plates- The wal l  on the front  o r  observation s ide  is made of two joined 

I sections, the lower sec t ion  a piece of 1-1/2 f e e t  t a l l  heat-resistant glass 
1 

I of l /b  inch thickness and the upper section asbestos plates.  The joints on 

I both walls a r e  sealed with s t r i p s  of asbestos tape t o  prevent a i r  leakage from 

( the sides. The heat-resistant glass section of t h e  wall  on the front side i s  

used a s  the observation window where the shapes o f  the flames from the two 

burners a r e  observed and measurements of the or ientat ions of the average axes 

i of flames a t  the two burners are made. On top of the cage, a tapered metal 

I hood is loca ted  t o  take away the excessive hot gases through a minimum-draft 

I exhaust duct extending t o  the outside of the laboratory, The two remaining 
I 

ver t i ca l  open ends of the cage are covered with a layer  of No. 48 aluminum 

window screen t o  reduce the undesirable disturbances t o  the flow i n  'the t e s t  

I sect ion of the  cage from the surrounding a i r ,  Movable ve r t i ca l  ,walls are used 

I during experiments t o  extend the side walls t o  provide additional two-dimensional 

Passages f o r  the  flow of air .  approaching the open ends of the t e s t  section of 

the cage from the surroundings. A general view of the experimental cage is  

shown in Figure 2, 

EXPERIMENTAL PROCEDURF: AND RESULTS 

Throughout any one run of the experiment, disturbances in the ambient 
I 

I room a i r  were maintained a t  a minimum and the constancy of the temperature of 

1 the ambient mom a i r  was checked continuously. Essent ial ly  a steady s t a t e  s i tu-  

( at ion is achieved before readings were taken o f  t he  mass flow rates  of f u e l  t o  

l each of t h e  two p a r a l l e l  l i ne  burners, the inlet and out le t  temperatures and 

mass f low r a t e s  of water of the cooUng water jackets and the orientations of 
L 

1 the average axes of the flames a t  the two burners. 



To begin with, a r e l a t ive ly  small flame was established a t  the l e f t  

burner and a matching flame a t  the r ight  burner, The orientations of the 

average axes of the two f lanes were neasured from the glass observation windows , 

on the f r o n t  s ide of the experimental cage. Then, while the mass flow rate of 

fue l  t o  the  l e f t  burner was mintaix-ed constant, the mass flow r a t e  of fue l  t o  

the r i g h t  burner was increased i~ steps and s imi lar  measurements of the orienta- 

t ions of the flames were made a t  each step. Next, the mass flow'rate of fue l  

t o  the l e f t  burner was in s teps  raised t o  and maintained a t  two different  values 

and a t  each step the previously described procedure was repeated. Furthermore, 

four s e r i e s  of experiments were corrclucted, one f o r  each of four selected values 

of the distance between the centers of the two burners, 

Two useful observations liere rnade: 

1. In a l l  cases, it %-as found t h a t  the two flames leaned toward 

each other. It was a lso  found t h a t  both flames were reasonably s t ra ight  so 

tha t  t h e i r  orientations could be ident i f ied by the angles made with the horizon- 

t a l  plane by t h e i r  respective average axes, The smaller flame always leaned a t  

a small angle from the horizontal plane while the  larger  flame leaned a t  an 

angle t h a t  was extremely sensit ive t o  the r a t i o  of the mass flow rates  of f u e l  

t o  t h e  two burners and t o  the distance between the two burners. 

2. In a l l  cases, it was found t h a t  the heat flux going into the 

cooling water, computed from the mass flow r a t e  and the temperature r i s e  of 

cooling water, was always so small compared with the t o t a l  heat flux released 

from the  flame, computed from the mss flow r a t e  of f u e l  and its heat of 

combustion in a i r ,  as t o  be ~ e g l i g i b l e ,  

L e t  q~ and q~ be the heat f l u x  pe r  u n i t  length of burner released 

from the  l e f t  and the r igh t  flam respectively, JifL and gR the angle made with 



I the horizontal plane by the average axis of the l e f t . and  right flame res- 

I .  pectively, and yo half the distance between the center l ines  of the two 

I burners a s  shown in the defini t ion sketch of Mgure 3 .  The selected s e t  of 

I values of qL f o r  a l l  four series  of experiments were 1-44, 2.20 and 2-64 

I Btu/sec-ft. The four ser ies  of experiments correspond to  a value of Y, of 

I 0.5, 1.0, 1.5 and 2.0 ft respectively, and the resu l t s  of measured gL and @R 

( are shown in Figures 4 through 7. 

I *N&YSIS OF RENLTS 

I Let us d i rec t  our attention to  the inclination of a t e s t  flame caused 

1 by the presence of an auxiliary flame placed a t  a distance of 2yo away. The 

1 t e s t  flame i n  the  present case can be ei ther  the l e f t  or the r ight  flame, Then 
I 

the o ther  flame w i l l  be considered the auxiliary flame- The angle between the 

average ax i s  of .  the t e s t  flame and the horizontal plane w i l l  be cal led 9 and 

I the heat fluxes per  uni t  length of burner of the t e s t  and ami l i a ry  flame Q and q 

respectively. Then could be either g,-, or gR and Q and q e i the r  q~ and q~ 

o r  qR and qL respectively. Dimensional analysis for  such a system leads a 

I general relat ionship of the form 

among the  three  dimensionless quantities 

where g - the gravitational acceleration 
- density- of ambient a i r  

speci f ic  heat of a i r  a t  constant pressure 

I temperature of ambient a i r  

' 

First, l e t  the l e f t  flame be considered the test .flame and the r ight  flame 

i 



-the auxi l iary flame- Then In t h i s  case 

9- @J-,, Q = qL and q = qR. 

The values of the dimensionless quantity N calculated for the I 

various combinations of the values of Q (= qL) and those of yo selected i n  

t h e  experiments a s  ind ica ted  in Figures 4 through 7 are tabulated in Table 1. 
I 

The dimensionless a n g l e  between the average axis of t e s t  flame and the horizontal 
I 

plane, 3, is p l o t t e d  against  the dimensionless quantities M and N as shorn 

in Figure 8. 

Next, l e t  t h e  r igh t  flame be considered the t e s t  flame and the l e f t  

flame the a u x i l i a r y  flame, Then in t h i s  case 

9 -  %,' Q = q, and q = qL- 

If the previously ca lcu la ted  s e t  of values of the dimensionless quantity M y  as 

shown in Table 1, a r e  retained f o r  the present case, pairs of values of the 

dimensionless q u a n t i t i e s  M and 5 f o r  each value of N can be obtained from 

the experimental cu rves  for  g2 hi Figures 4 through 7. The results are plotted 

in Figure 9, 

Finally, a normalized dimensionless p l o t  of the flame orientation 

obtained by combinhg re su l t s  f o r  , M 2  I and & 1, Figures 8 and 9 respectively, 
I 

with the  values of N rounded t o  round numbers is presented in Figure 10- I 

h.om these r e s u l t s ,  it is of great in te res t  t o  note that we have established 
1 
: '  
' 1  

a "flame o r i e n t a t i o n  amplifier" in our present set-up. For a fixed distance 

between the two p a r a l l e l  flames, the  amount of t i l t i n g  of the larger flame is 
I! 

t o  be s e n s i t i v e l y  controlled by the strength of the smaller flame, which 
1 ;  I 

I 

itself in a l l  c a s e s  leans a t  a relat ively small angle from the horizontal. 1 
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Table 1. CALCULATED VALUES OF DIMENSIONLESS QUANTITY N WITH LEFT FUME CONSIDERED 
AS TEST FLAME 
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Figure I ,  SKETCH OF BURNER 
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Figure 2,  GENERAL VIEW OF 
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Figure 3, DEFINITION SKETCH 
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Figure 7, RESULT OF MEASURED ORIENTATION OF FLAME 
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Figure 8, DIMENSIONLESS .PLOT OF FLAME 
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gure 9, DIMENSIONLESS PLOT OF FLAME 
ORIENTATION WITH RIGHT FLAME 
CONSIDERED AS TEST FLAME 
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