
- \  

Prepared f o r  9 t h  

Combust ion 
~ symposium on 

Ithaca, N,Y. 

.. - 
fc 

F W  STRE3YGTH OF PROPANE-OXYGEN FLAMES 

AT IX)W PRESSURES I N  TURBUI;ENT FWW 

By Evelyn Anagnostou and A. E. Pot te r  

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

SUMMARY 

The apparent flame strength, a unique combustion measurement de- 

scribed previously by Pot te r  and eo-workers, w a s  investigated f o r  t h e  

system propane-oxygen i n  turbulent flow a t  low pressures. The 

dependence of flame s t rength on pressure and on burner diameter was 

determined a t  Reynolds numbers ranging from 2000 t o  10,000, f o r  

pressure between 0.17 and 0.85 a t m  and burner diameters ranging from 

0,398 t o  0.635 em. The r e su l t s  were compared w i t h  those predicted by 

a theory developed recent ly  by Spalding, according t o  which t h e  flame 

strength should vary d i r e c t l y  with burner diameter and t h e  pressure 

dependence of t h e  flame s t rength should be  t h e  same as t h e  reaction 

order when t h e  Reynolds number of the f l o w  is  su f f i c i en t ly  high, The 

r e s u l t s  of t h i s  study show tha t  t h e  t heo re t i ca l  predictions are 

correct,  provided t h a t  t h e  Reynolds number i s  over 2030, 

This study shows tha t ,  under proper conditions, flame s t rength i s  

a useful  and meaningful measurement f o r  character is ing fuel-oxidant 

systems. It d i f f e r s  from other flame propert ies  i n  t h a t  it i s  inde- 

pendent of transport; properties,  Its must important use may be i n  

studying f$&yxfdant systems which a r e  d i f f i c u l t  t o  mix, 
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INTRODUCTION 

I n  rder t o  study r e  c t  ive  fuel-oxidant combinations not e a s i l y  

handled as pre-mixed systems, a unique combvcstion measurement, t h e  

apparent flame strength, has been described (1, 2) ,  which uses two 

opposed j e t s ,  one of f u e l  and one of oxidant. The basis f o r  t h i s  

measurement was t h e  t h e o r e t i c a l  work of Spalding (3) and Zeldovich (4 ) .  

They showed that t h e r e  was a maximum flow of f u e l  and oxidant i n t o  t h e  

reaction zone of a diffusion flame. When t h i s  value w a s  exceeded, t h e  

flame would go out. I n  t h e  opposed-jet diffusion flame, as t h e  mass 

flows of f u e l  and oxidant a r e  increased, a c r i t i c a l  flow i s  reached a t  

which t h e  flame i s  extinguished i n  an area surrounding t h e  j e t  axis,  

The average m a s s  flow of f u e l  and oxidant a t  t.he j e t  a x i s  when t h i s  

occurs i s  defined as t h e  apparent flame strength. This i s  not t h e  

same quant i ty  as Spalding's flame strength (3) but i s  re la ted  t o  it. 

I n  t h e  body of t h i s  paper flame strength and apparent flame strength 

w i l l  be used interchangeably t o  denote t h e  average mass flow a t  t h e  

flame 'breaking point, t h e  quantity of references (1) and (2) .  

In t h e  ear ly  theories  of Zeldovich and Spalding, mass t ransport  by 

diffusion alone was considered and convective flow was neglected. This 

was a major omission, since t h e  diffusion flame can only be extinguished 

by t h e  application of forced convection. Recently, Spalding (5) in- 

cluded convective flow i n  h i s  theory. 

t h e  experimental r e s u l t s  of Potter, e t  a1 (1,2) he found t h a t  t he  experi- 

mental r e s u l t s  did not agree with theory with respect t o  t h e  dependence 

of t he  flame strength on t h e  diameter of t h e  burner and on t h e  pressure. 

When he compared t h e  theory w i t h  
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On fur ther  analysis  Spalding deduced that t h e  ac tua l  flows i n  these 

experiments did not c losely resemble the  ideal ized flow, which was t h a t  

of a j e t  impinging on a f l a t  p l a t e  perpendicular t o  it. In order f o r  

h i s  theory t o  hold, t h e  Peclet number ( i .e*,  Cp,,pmUD/& or  Reynolds 

number X Prandtl  number) for t h e  f u e l  j e t  should be grea te r  than 1000 

and a value of several  thousand would be desirable (5), A high Peclet 

number infers  a high Reynolds number s ince the  Prandtl  number f o r  non- 

polar  gases (e.g. propane) - i s  about 0.7, The e a r l i e r  work of Pot te r  and 

eo-workers ( l , 2 )  w a s  done mainly with laminar flows and so these  data 

did not f i t  t h e  requirement f o r  t h e  theory. Therefore, t h e  disagreement 

between theory and experiment i s  not surprising. 

- - 

The present paper reports  measurements of t h e  pressure and burner 

diameter dependence of propane-oxygen flames a t  high Reynolds numbers 

where Spalding's theory i s  expected t o  be valid.  In  addition, t h e  

maximum heat release r a t e  calculated from flame s t rength i s  compared t o  

t h e  r a t e  calculated f r o m  laminar flame properties.  

EXPERlMENTAL 

Apparatus 

A sketch of t h e  apparatus, which i s  bas i ca l ly  similar t o  that 

described i n  references (1) and ( 2 ) ,  is  shown i n  f igu re  1. 

various inner diameters could be interchanged i n  t h e  burner t h rmgh  t h e  

O-ring seal a t  t h e  base, 

which exhausted i n t o  t h e  containing chamber. 

rounded by a g lass  chimney plugged with t r a n s i t e  at t h e  bottom and 

supported r i g i d l y  by holders which w@ke adjustable  in  several  ways t o  

insure alignment of t h e  je t s .  The apparatus was enclosed i n  a la rge  

Tubes of 

The burners were cooled w i t h  nitrogen gas 

The burners were sur- 
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chamber with a viewing port, and the  chamber was connected t o  a vacuum 

system through a scrubber containing soda l i m e ,  The pressure was main- 

ta ined  using two Beech-Russ pumps of 100 cf'm capacity; a plenum chamber 

smoothed out pressure changes. 

f e r e n t i a l  mercury manometer. 

The pressure was measured with a d i f -  

Procedure 

The system was first evacuated and then f i l l e d  w i t h  nitrogen t o  

approximately t h e  pressure desired. 

ta ined  during a run by adjusting both t h e  valve t o  t h e  vacuum system 

and the nitrogen i n l e t  valve, 

metered with c r i t i c a l  flow or i f ices ;  ign i t ion  was accomplished using a 

spark from a molybdenum wire, embedded i n  t h e  g lass  chimney, across t o  

t h e  t o p  burner, 

The pressure could then be main- 

The f u e l  and oxidant were separately 

The measurements were made e i the r  by se t t i ng  t h e  pressure and in- 

creasing t h e  f i e 1  and oxidant flow or  by se t t ing  t h e  flows and slowly 

lowering t h e  pressure, u n t i l  a hole appeared i n  t h e  flame around t h e  

je t  ax i so  

the  two j e t  tubes, 

During these  operations, t he  flame was kept midway between 

The hole appeared very abruptly at a flow rate or 

The measurements at very 

high Reynolds numbers were generally made by lowering t h e  pressure at 

f ixed  flow rate ,  s ince t h e  flames at high Reynolds numbers e a s i l y  blew 

o f f  with s l i gh t  increases i n  flow rate, and were d i f f i c u l t  t o  re -  

s t ab i l i ze .  A t  lower Reynolds numbers, when both techniques could be 

used, t hey  gave t h e  same re su l t s ,  "he flame strength reported was 

calculated as follows: The mass flow rate a t  t h e  ins tan t  of flame 

.p re s su re  reproducible t o  within 55 percent, 
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"breaking" was divided by the  burner area t o  give t h e  average mass flow 

r a t e  per un i t  area, This was done f o r  both t h e  f u e l  and oxidant je t s ,  

The average mass flows were then multiplied by an appropriate fac tor  t o  

give t h e  mass flow rate a t  t he  jet axis. This f ac to r  i s  2.0 f o r  

laminar f l o w  and 1.22 fo r  turbulent flow, 

f u e l  and oxidant jets were averaged t o  yield t h e  f inal  flame strength 

value, For hydrocarbon oxygen flames the  oxidant and f'uel flow ra t e s  

do not  d i f f e r  by more than 10 percent, 

The resu l t ing  values f o r  t h e  

The Reynolds numbers referred t o  thus f a r  and l a t e r  on i n  t h e  paper 

a r e  i n  a l l  cases the  Reynolds numbers f o r  t h e  propane flow. 

numbers f o r  t h e  oxygen flow were approximately t h r e e e i g h t h s  of those of 

the fuel, 

grea ter  than 2000, t h e  mass f l o w s  of f u e l  and oxidant at t he  jet ax i s  

were near ly  equal only when t h e  oxygen flow was assumed t o  be laminar, 

This assumption was used f o r  a l l  data even though t h e  Reynolds number 

for t h e  oxygen flow was as high a s  2800. 

The Reynolds 

Even i n  those cases where t h e  oxygen Reynolds number was 

!?he appearance of t he  turbulent diffusion flames was similar  t o  that 

of flames i n  t h e  laminar region (1) except a t  t h e  highest Reynolds 

numbers. A s  mentioned ea r l i e r ,  these flames were unsteady; they also 

tended t o  be smoky and t o  blow out rather easily. 

RESUETS AND DISCUSSION 

Table 1 l i s t s  the  flame strength data along with burner diameter, 

Reynolds number, & e l  and oxidant mass flows, and flame strengths 

corrected t o  a 0,462 cm diameter burner. 

account t h e  dependence of flame strength on burner diameter which i s  

This last quantity takes in to  
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discussed i n  t h e  next section. A l s o  included i s  a datum frm reference 

2, recalculated using t h e  new burner diameter dependence. 

Diameter Dependence of Apparent Flame Strength 

The measured flame strengths depend on t h e  diameter of the  burner. 

This e f fec t  wits determined at two pressures, 0.33 and 0.285 a t m  (9.9 

inches and 8.6 inches Hg respectively) and f o r  burner diameters from 

0,398 - 0.635 cm. These data were at  f u e l  Reynolds numbers ranging 

from 2030-9850. The r e su l t s  a r e  shown in  f igure  2. Lines going 

through the  or igin have been drawn through the  data. The data fit the  

l i nes  t o  within 5 percent, which i s  t h e  over-al l  precision of t h e  

measurements. The indication, then, is  tha t  t h e  flame s t rength i s  

d i r e c t l y  proportional t o  the  burner diameter. 

Spalding ' s theory (5) predicts. 

This i s  precisely what 

Effect of Reynolds Number on the  

Apparent Flame Strength 

The theory predicts  t ha t  t h e  transport pruperties of the gaseous 

j e t s  should have no ef fec t  on t h e  flame strength. Hence, t h e  flame 

s t rength i s  expected t o  be independent of Reynolds number (a t  least ,  

above R e  = 2000 where t h e  theory applies,) This is  found t o  be the  

case, as shown i n  t a b l e  2, where the  flame strength at  constant pres- 

surej and constant (corrected) j e t  diameter is given f o r  Reynolds 

r z b e y s  r a r g h g  from 2,93 t o  9.07N-O 3 
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Pressure Dependence of Apparent Flame Strength 

Figure 3 shows t h e  e f fec t  of pressure on the appwent flame s t rength 

Since there  is an e f fec t  of burner diame- of t he  propane-oxygen system, 

t e r ,  the  data m u s t  be referred t o  a s ingle  diameter. Most of t h e  data 

a r e  f o r  a 0.462 cm burner covering a pressure range of 0.24 t o  0.48 atm. 

The data f o r  the  other burner diameters have been converted t o  t h i s  

diameter, using t h e  diameter dependence established i n  f igure  2, t o  ex- 

tend the  pressure range of t he  correlat ion at both the high and l o w  end. 

The least-squares slope of t h e  l i n e  drawn through the  data i s  2.0. 

The slope should be close t o  the order of t h e  reaction since 

according t o  Spalding, t h e  apparent flame strength i s  d i r ec t ly  pro- 

port ional  t o  t h e  maximum reaction r a t e  i n  t h e  flame, 

agrees w e l l  with the reaction order of 2-1 found f’rm quenching dis- 

tance experiments ( 6 ) ,  

The slope of 2.0 

Calculation of Maximnu Heat Release Rate 

It i s  possible t o  calculate  a maximum heat re lease  r a t e  using t h e  

value of t h e  flame s t rength extrapolated t o  one atmosphere, 

From Spaldlng*s theory ( S ) ,  t h e  maximum volumetric reaction r a t e  is 

5 

By multiplying rnm by t h e  heat of combustion of propane, one obtains 

t h e  volumetric heat re lease 
fi,- 

0 

qgix = 5.4XlO 4 cal/cm 3 sec 
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This value should be multiplied by a correction f ac to r  between 1.5 and 3 

which accounts f o r  viscous and density e f f ec t s  on t h e  jet veloci ty  (5). 

Bi t tker  and Brokaw (7 )  have reported a method of determining 

chemical space heating r a t e s  using properties of t h e  laminar flame. 

Their equation is 

The value of %.& Obtained from t h i s  equation i s  1 7 O ~ l . O ~  cal/cm3sec, 

The discrepancy between these two values is smewhat greater  than 

one order of magnitude. The reason for t h i s  difference i s  not now 

apparent, but may be revealed i n  fl;lrther t heo re t i ca l  studies, 

CONCIUDIIVG €EMARKS 

It has been shown tha t  t h e  opposed-jet diff’usion flame yields ap- 

parent flame s t rength data which c o m b o r a t e  Spalding’s theory, (5) if 

t h e  precaution i s  taken t o  keep the flows high enough t o  conform t o  t h e  

idealized flow, which is that of a je t  impinging on a flat p l a t e  perpen- 

d icu lar  t o  it, The method 

i n t e r e s t  (for example, those using f luorine or chlorine as an oxidizer) 

wlth same assurance that it i s  a tme measure of maximum reaction r a t e  

i n  t h e  flame. 

can n m  be extended t o  other  systems of 

SPMBOLS 

heat capacity at  c m s t a ~ t  press1.e 

heat capacity of t h e  fuel at constant pressure 

5 
cP, O0 
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TABLE 2. - FLAME STFEVETH DATA FOR TURBUIENT 

PROPANE-OXYGEN FLAMES 

Burner 

e t  ex 
dim- 

cm 

0,635 

~~ I 
619 

1 
\1 

.546 

462 

m 398 
JI 

.321 

\1 
.168 

.168 

Flame 
strength 
gm/cm sec 3 

L 1 2 t  
1.46t 
a 
I. 4 1  
1.51t 

,724 
.375 

1.07t 
1.49t 
L 4 9 t  
L 1 9 t  

915t 
.901t 

e 75ot 
.738t 
-764t  

2-58 
2.28 
1.80 
1.005t 
1.05t 

.517 
-513 

.876t . 65Ot 

b 920 
b 743 

1.37 

2.18 

3.51 

Flame 
strength 
(corr. t o  
0.462 cm 
burner ) 

0.815 
1.05 

2 9 2  
1.03 
1.10 

.526 . 273 

800 
1.11 
1.11 
L O O  

774 
I 762 

1.02 
.755 

1.32 
1-07 
1.95 

6.00 

9.66 

Fuel Be 
number - 

X ~ O  

8.85 - 
6.81 

2*49 - 

8.74 
9.85 

2.17 

6.91 
9.07 
9.44 
6.28 
5.29 
5.29 

3,12 
3.20 
3.58 

4.61 

11.2 
10.0 

8 e O  
4.51 
5.09 
2.10 
2.17 

2.93 
2.03 

2. 76 
X B 1 0  
4.60 

3.02 

Ref . (2)  

Mass f b w  a t  
e s t  ingui sl-rment 

(@P/sec) 

Fuel 
~ 

-272 
.!E3 
.m 
.348 
593 

,184 
0865 

. 269 
367 
353 
220 

e 185 
, 185 

0 9 1  
.093 
,1042 . 325 
.291 
.232 
.131 
,148 
e0610 
,0630 
0733 

0 0508 

* 0555 
* 0423 
.0928 

0318 

)xid.ant 

. 187 

.247 

.,. . 2 33 
,237 
,117 
,0657 

, 1 6 1  . 225 . 233 . 145 
‘ 101 
,0982 

0 7 1  

. et355 

,068 
.0647 
‘236 . 207 . 160 . 089 . 087 
0497 

,0484 . Q641 
0498 

.0406 

.0342 

.0539 

.0291 

tData f o r  f igure  2. 
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V 

TABLB 2. - EFFECT OF ~ O L D S  NUMBEB 

om FLAME STRENGTH 

.635 1.10 9.85 

.619 1.11 9.07 

.462 1.00 4.51 

.462 1.05 5.09 

.398 1.02 2.93 

Pressure Burner Flame Reynolds 
atm Diameter strength number 

cm (corrected 
t o  0.862 cm 
burner) 

. 
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