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summary: 

A study or flame propagation at elevated. temperatures, using 

the burning velocity as the characteristic of the phenomenon, bas been 

nade. Extensive measurements of burning velocity of propane air mixtures 

over the range of initiai temperatures or 0 to 6400C have been made with 

burners of sever al lengtlu5 and diameters. 

Prediction of relative buming velocity va.Jnes on the ba8is 

or the simplif'ied thermal and diffusion theories wa.s made. The agreement 

with the measured values is good with either scheme in the low temperature 

region (6 to 5500C), wJ:i:iJltt at higher temperatures the thermal theory appears 

to be the better of the two. 

Fairly extensive data on blow-off limits wa.s compiled over 

the same range or variables as was covered. !or the burning veloci~y studies. 

Some recommandations about future work that could be carried 

out on the apparatus used by the author have been made and it is felt that 

additional usetul information can be obt&ined by such studies. 
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SUMMARY 

A study of name propagation at elevated temperatures, 

using the burning velocity as the characteristic of the phenomenon, 

has been made. Extensive measurements of burning velocity of 

propane air mixtures over the range of initial temperatures of 

0 to 640 °C have be en made wi th burners of several lengths and 

diameters. 

Prediction of relative burning velocity values on the 

basis of the simplified thermal and diffusion theories was made. 

The agreement wi th the measured values is good wi th ei th er scheme 

in the low temperature region (0 to 550°C), whilst at higher 
'' 

temperatures the thermal theory appears to be the better of the 

two. 

Fairly extensive data on blow off limite was compiled 

over the same range of variables as was covered for the burning 

velocity studies. 

Some recommandations about future work that could be 

carried out on the apparatus used by the author have been made and 

it is felt that additional useful information can be obtained b.y 

such studies. 
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NOTATIONS 

Cross sections+ area of the burner tube. 

SUrface area of the name cone.. 

Concentration of fuel molecules. 

Free radical recombination factor. 

Specifie heat at constant pressure. 

Concentration of the combustible. 

Concentration of combustion products. 

Diffusion coefficient. 

Activation energy. 

Enthalpy. 

Heat of reaction. 

Equilibrium constant. 

Constant in the reaction rate equation. 

Burner length. 

n1 and n2 Number of molecules before and after combustion. 

p 

P* 

p 

Q 

q 

R 

Re 

r 

T 

Pressure. 

Steric factor. 

Partial pressure. 

Heat liberated by combustion of one molecule of fuel. 

Reaction rate (usually expressed as the number of molecul.es 

reacting per unit volume per second.) 

Gas constant. 

Sometimes used for tube radius also, as specified in the text. 

Reynolds number. 

An arbitrary radius. 

Temperature (used with appropriate subscripts) 
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Vg 

v 

w 

z 

Subscripts 
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Burning velocity. 

Mean gas velocity. 

An arbitrary velocity. 

Mass rate of combustion per unit area of flame front. 

Collision frequency. 

Density 

Thermal conductivityo 

Viscosityo 

Kinematic viscosityo 

Time (used with appropriate subscripts) 

Heat of combustiono 

1 Initial condition. 

e !qutlibrium stateo 

f Condition at the flame front. 

i Condition corresponding to ignition. 

Sometimes used to denote an arbi trary atomic or molecular 

species as menti oned in the texto 

m Refers to a mixing process. 

p Product specieso 

r Reactant specieso 

Note~ Any departure of the notations from the above is adequately 

explained in the text. 
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INTRODUCTION 

The advent of the aircraft gas turbine engine has 

necessitated the development of high output combustion chambers 

that have to operate over wide ranges of pressure, temperature and 

flow rate. The most exacting requirements are demanded as far as 

stability of operation is cohcerned. Whilst it is true that present 

designs are quite successful, they have been accomplished only at 

the expense of accumula ting a vast amount of anpirical experience 

through madel and proto~type testing. Confined, too often, to the 

effects of what may be called 'engineering parameters' on the overall 

performance, it is conceivable that the importance of the controlling 

physical, chemical and aerodynamic factors is not appreciated 

fully . Fundamental research into the nature and effect of these 

factors may f acilitate future development, quite apart from enabling 

a fuller understanding of these combustion processes to be obtained. 

Spontaneous ignition, flame propagation, flame 

stabilization, spark ignition, mixing of hot and cold air streams, 

fuel atomization and droplet combustion are some of the basic 

processes that enter into the overall problem of combustion in a 

gas turbine engine. Some or all of ~ese problems have been met 

with even in combustion processes of the Otto and Diesel angines. 

Nevertheless, systematic investigation into some of the phenomena 

like spontaneous ignition, flame stabilization and mixing of hot 

and cold air streams dates back only to one or perhaps two 

decades. On the other hand1 the phenomenon of flame propagation 

has been inves tigated f9r much longer, although the emphasis on 

aerodynamic factors is of recent origin. 
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Flame propagation in explosive media is dependent on 

heat transfer, chemical kinetic and fluid flow phenomena. A vast 

field is covered in the literature on the influence of such chemical 

factors as addition of catalysts and inhibitors, variation of 

reactant compositions and presence of inert gases on flame propa-

gatien. Influence of turbulence and allied fluid mechanical 

problems has been investigated in recent years" Effect of initial 

temperature of the reacting gases on flame propagation has been 

studied only at relatively low temperatures. Entering, as it does, 

into both the heat transfer and chemical kinetic aspects, the 

effect of high temperature on flame propagation is considerable 

end a study of the latter would be of great value in helping to 

formulate the theoretical concepts of the problem. 
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GENERAL CONSIDERATIONS 

The significance of the terms flame and combustion has 

been rather arbitrary due to their wide usage even before clear 

scientific concepts were formed. Due, however, to the inherent 

campliçations of even a simple combustion process, sorne of the 

terminologies like flame front, flame speed and flame temperature 

do not have very precise meanings. Exothermic chemical reaction 

between two gases or even in one gas when it reaches explosive pro­

portions gives rise to what is generally connoted as flame. Most 

flames are associated with emission of light, although examples 

of non-luminous flames are not infrequent. In fact the emission 

of light has been used as a criterion for locating flame fronts in 

moving and stationary gases. It would appear to be more logical 

to refèr to the surface at which the energy release rate is a maximum 

as the flame front rather than the surface at which the emission 

of visible light is a maximum. The former surface would also 

correspond to the surface of steepest temperature rise. The 

difficulties encountered in locating such a surface are two fold. 

Firstly, it has not been possible yet to determine satisfactorily 

the temperature distribution through the flame experimentally and 

secondly in the reaction zone where equipartition of energy between 

the various states may not be established, the meaning of tempera­

ture is not very precise. 

It would be appropria te to discuss at sorne length the 

theoretical aspects and experimental considerations of measuring 

flame te~perature as the latter enters into the theories of 
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name propagation. Temperature defines a state of statistical 

equilibrium. Molecules of a gas possess energies of translation, 

rotation, vibration and electronic excitation. The energy of 

translation is practically unquantized whilst the other for.ms are. 

In a state of equilibrium, there will be n definite distribution 

of energy among the different degrees of freedorn a.'1d in principle 

the parameters of any one of the energy states may be used for 

tempera ture determination. In the absence of such a thermodynamic 

equilibrium, the temperature determined on the basis of the para­

meters of one of the energy states should not be regarded as the 

true tempera ture. Further, in the case of a mixture of gases, the 

experimental technique may allow the determination of the temperature 

derived from one of the energy states (assuming that equilibrium 

does exist) of a particular molecular species which may bear no 

relationship to the true gas temperature. ·Thus one frequently 

comès across ter.ms like rotational temperature of OH. 

Lewis and von El be ( J;tef. 1) and Gaydon and Wolfhard (Ref. 2) 

feel that departures from equilibrium are slight for small, steadily 

burning fismes of the Bunsen type. Nevertheless considerable 

anomalies are reported on the temperature determinations based on 

different energy sta.tes of different and sometimes even the same 

molecular species of complex combustion systems such as hydrocarbon­

air mixtures. 

Conventional methods of temperature measuroment are not 

applicable for flame temperature determination . For instance, 

use of thermocouples, apart from the practical limitation of finding 

sui table ma terie.ls tha t can wi. th stand temperatures in excess of 
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2000 ox, upsets the field of flow and introduces extraneous 

stabilizing effects. The effects of surface catalysis or inhibition 

are also likely to appear. Optical methods i.e. spectroscopie and 

methods based on the change of refractive index have the limitation 

that they do not give point meusurements. Further, interpretation 

of spectroscopie and interferometrie data is often complicated 

as such interpretation should allow for departures of the system 

from equilibrium conditions. Establishing a sound calibration is 

also not easy. In some spectroscopie methode using line reversal 

techniques, substances like sodium cbloride or iron carbonyl are 

injected into the gas stream and the effects of these on the 

reaction mechanisms must be investigated and allowed for. 

Owing to these fundamental and practical limitations 

it would appear that the adiabâtic flame temperature ~lculated 

on the basis of the:rmodynamic equilibrium from thenno-cbemical data 

is a good enough approximation and will be used hence forth. 

Whilst it must be admitted that this temperature may not bave rouch 

of a practical significance, it is certainly a unique .function of 

the variables controlling the flame propagation such as nature of 

the fuel, fuel oxygen ratio and initial temperature and is therefore 

a parameter controlling the phenomenon of flame propagation. 

'When ignition is ini tiated in a quiescent mixture of 

explosive gases or in a stream of the latter, the flow of beat and 

probably chain carriers from the ignition source initiates chemical 

reaction in the adjacent layer of the explosive medium, whicb 

becoming itself a source of heat and chain carriers , initiates 

chemical reaction in the next layer. Thus a zone buming or reaction 

propagates through the explosive medium. 
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In the case of the one dimensional problem of the explosive 

medium flowing to and supporting a stationary flame, 'With the flame 

front normal to the flow of the gases, the gas veloci ty must be 

equal to the velocity of propagation of the combustion wave. The 

latter, also referred to as the velocity of flame propagation 

corresponds to the burning velocity, which is defined as the velocity 

of the flame front with respect to the unburnt gases. The buming 

velocity is a fundamental variable in the phenomenon of flame pro-

pagation and is of practical significance in the problems of flame 

stability. 

In spite of the fundamental significance of the burning 

velocity, it is very difficult to define it in a way applicable 

to all systems. Ir for instance a èase of spherical flame is 

considered where the gas mixture is supplied at the centre of the 

sphere, the velocity dependence on radius is as shown in Fig. 1. 

--~ 

i 
Î5b 0"' (·-

1 __ ..z..L _____ ---
..,. x. 

Fig. 1. Fig. 2. 
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The gas velocity at first decreases due to the increase of flow 

area till the rise in temperature due to combustion and the con­

sequent increase of flow volume makes up for this area increase. 

Then the gas velocity starts to increase and keeps rising till 

combustion is completed (strictly speaking till the increase of 

flow volume can outpace the increase of flow area) and then starts 

to fall off again. Fig. 2 shows the velocity variation for the 

case of the plane flame front where the explosive gas mixture is 

assumed to be flowing from x = - t10 to x = + o.:: _ By definition, 

the burning veloci ty vb = v x as x approaches - oo , for x = - ClO 

corresponds to the unburnt gas. For the case of the s~herical 

flame, the choice of a surface separating the burnt and unburnt 

parts becomes ra th er difficul t . The best choice would appear to 

be Vb1 , the velocity corresponding to the minimum on the vr against 

r variation. ·vb 1 is greater than vb and would approaCh the latter 

asymptotically if the gases started flowing from r = -oo rather 

than r = o; 1. e. if the flarae front had an infini te radius of 

curvature. 

The choice of a sui table flame surface becomes even 

harder in the case of the more complex Bunsen burner flame, as will 

be seen later. Though sorne amount of arbitrariness enters into 

the definition of the burning velocity, the determinations of the 

latter using a gi ven set of experimental conditions vrould be qui te 

compatible amongst themselves . Care wi ll have to be exercised 

in comparing burning velocity roeasurements obtained f rom using 

different experimental techniques. This point will be discussed 

in greater detail later on. In the study of the dependance of 
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burning velocity on factors like initial temperature, fuel air ratio, 

turbulence and others, the arbitrariness of definition does not 

matter as long as the same experimental technique is used. 

Apart from burning velocity, its measurement and de­

pendence on the various parameters, the other problem of flame 

propagation is tha t of flame stabili ty. Flames of the Bunser, 

burner type or flames from the port of a tube or nozzle are stable 

only wi thin certain ranges of gas flow. Considering a Bunsen 

burner flame, the gas velocity as well as the burning veloéity varies 

over the tube cross section . In the equilibrium position, at 

some point on the combustion wave profile, the burning velo city is 

equal to the gas velocity. At ali ether points, the ga~ velocity 

exceeds the burning velo city. If at any point on the flame pro­

file the gas velocity becomes less than the burning velocity, 

then the flame strikes into the tube against the gas flow. This 

phenomenon is called 9 Flash back'. On the ether hand, if the gas 

velocity at every point on the combustion wave is in excess of the 

buming velo city, the name lifts off the rim of the burner and 

eventually 'blows off1 • The limi ts of flame stabili ty namely 

blow off and flash back are again intimately connected with the 

parameters such as initial temperature, chemical composition of the 

mixture and flow conditions at the burner port. 

The work done in connection with this thesis is confined 

to studies on the dependance of burning velocity of premixed 

propane air flames on initial temperature . Quite extensive 

determinations of the effects of burner diameter and mixing length 
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on the burning veloci ty have been made. Flame stabili ty 

limits have been determined over a similar range of variables. 

The subject matter is divided into three main parts, the 

first one deals with the methods of measuring the burning velocity, 

its theoretical predictions, qualitative and quantitative discussion 

of the factors affecting it and the scope and results of the 

author's experimenta. Correlation of these experimental results 

with the several theories of flame propagation is also carried out. 

The second part is devoted to theory and experimenta on fiMle 

stability. The third part covers a general discussion of the work 

done, conclusions drawn therefrom and recommendations for future 

work. 
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PART I 

METHODS OF MEASURING BURNING VELOCITY 

The severa.l methods of measuring burning velo city fall 

into two broad categories depending on whether the name front is 

moving or stationary. The methods could also be classified on 

the basis of the flame shape. 

1. Moving names. 

The simplest method, for the case of a moving flame front, 

consista in using a tube (open at both ends) which is evacuated 

to start with and then filled with a combustible mixture of the 

Spcuk 

u 

Fig. 5 

DNec. 1 ton o? 

fla )'y> e 1 1r OWii! 1 

desired composition. A 

spark initiates the combustion 

and as the flame travels down 

the tube, the photocells 

arranged along the tube length 

(Fig. 3) piok up the light 

signal s. The flame speed 

can be calculated on the basis of the time interval between the 

signala on two photocells. The flame front can be photogz:aphed 

and its area measured from the photograph and the burning velocity 

= the observed flame speed / flame surface area. 

Coward and Hartwell (Ref. 3) were the first to use 

this method, though in their set up the tube was closed at one end. 

Gernstein, Levine and Vong (Ref . 3) introduced the idea of using 

photocells to study the flame movement. Gernstein et al could 

use shorter lengths of the tube as they chose tubes open at 

both ends. The name shape was found to be approximately hemi-
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spherical. Jermain et al (Ref. 5) using a similar method reported 

difficulties encountered with sonic waves, which were subsequently 

overcome by lengthening the tube and using sound absorbing 

deviees at the tube ends. 

The tube method, as this is referred to, has the advantage 

that relatively small quantities of the gas mixtures are needed. 

Linnett (Ref. 4) points out that the cooling effect of the tube 

walls would be considerable and that the measured values would be 

low. The extent of the cooling effect may be determined by using 

tubes of different diameter. A further limitation of the method 

is that it is suitable for fast flames only. 

Another instance of a moving flame front used for btu-ning 

velocity determination is the soap hubble method. In this method, 

originally developed by Stevens (Ref. 4), the gas mixture is 
t 

admitted into a soap hubble and is ignited~t the centre by a 

spark so that a spherical flame spread~~ through the gas at 

constant pressure. The course of the flame is followed photo-

graphically and the name speed deduced therefrom. The burning 

velocity vb is given by 

V _ observed flame speed 
b - Expansion ratio 

ratio =(Final radius of the soap. hubble f 
-Initial radius of the soap hubble 

where the expansion 

which is also 

e ual t (radius of the sphere of burnt gas )3 
q 0 radius of the sphere of unburnt gas • 

It will be seen 

that small discrepancies in the measurement of the soap bubble 

radii can throw the value of the expansion ratio and hence the 

burning velocity considerably. Whilst the initial diameter of 

the soap bubble can be determined qui te ac cura tel y, the final 
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diameter is liable to be in greater error as the flame edge is 

likely to be diffuse. Distortion of the flame shape is also 

possible under certain conditions. Gas diffusion from the bubble 

is also a serious defect of this method as the composition of the 

mixture may be cbanging continuously and at any particular time 

i t may be indeterminable. Further the pr&lsence of water rules out 

the possibility of using the method for tests on dry mixtures. 

However, this objection seems to be overcome, as pointed out b,y 

Strehlow and Stuart {Ref. 6) who us€d a nonaqueous bubble mixture 

of very low vapour pressure made from a glycerine base. 

The constant volume method developed by Fiock (Ref. 5) 

and used by Lewis and von Elbe (Ref. 1) also employa a spherical 

fl8me front. Instead of using a soap bubble,a rigid spherical 

vassel is employed and the charge of explosive gas is ignited by 

a spark at the centre. · To deduce the burning velocity from the 

observed flame speed, it is necessary to allow for the rise of 

pressure. This method as well as the soap bubble method has the 

adVBntage that only small qUMtities of the explosive mixture are 

needed. The constant volume method does not suffer from gas 

diffusion as was pointed out for the soap bubble method, althougb 

the interpretation of resulte from the former is more complicated. 

The three methode described so far, all have the feature 

that the aerodynamic aspect of mixing has been completely done 

away with. In names of premixed gases the nature of the fi8Dle 

is materially changed by flow factors like turbulence and the 

degree of mixing. Further these methode are not suitable for 

study of burning velocity at elevated mixture temperatures. 
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For instance in the case of the soap bubble methods, the gas mixture 

may start reacting with the material of the bubble at these 

tempera. tures. In addition, the flrunes met wi th in gas turbine 

combustion systems and other industrial applications ~orrespond 

to the case of sta tionary names in _ now streams. The methode 

of determining burning veloci ty in flow systems will now be 

discussed in some detail. 

Z. Sta tionary fiamee. 

The most common example of a sta.tionary flaine is the 

Bunsen burner flame. Most of the burning velocity data obta.ined 

so far is on flames of this type. The crux of the method lies 

in determining the area. of the name surface. There has been con-

siderable variation in the choice of the latter. 

/ '. 
'-~/ir~~· 

\ 

\ 
\ 

-\ 
i 
1 
1 
1 
i 

Fig. 4. 

Considering the case of a. symmetrical 

flame front conical in shape with the 

cone angle equal to 2 a{• the burning 

velo city at any point on the eone is 

given by 

vb =- v g sin c./ where vg is the gas 

velocity a.t the point. 

If A is the cross sectiona.l area of the burner and Vg 

the mean gas velocity and Ar the area of the flame surface 

corresponding to the separation between the unburnt and burnt 

parts, then by definition 

where Vb is the normal buming velo ci ty. 



In the case of the cr.ylindrical burner, due to the para-

bolic distribution of flow, the cone assumes the shape sho'Wl'l in 

Fig. 5. 

1 \ 

f--------~ 

Fig. 5. 

Theoretically, a combustion wave over which 

the burning velocity is constant can be 

shown to take the shape of the dotted 

profile in Fig. 5 (Mache, Ref. 2). 
n 

Damkohler (Ref. 2) points out that the 

distortion of the cone shape (i.e. rounding 

at the tip and overhang at the base) is due 

to flame thrust. 

He also obtains an expression for the pressure difference across 

a name front due to expansion and acceleration of the gases. 

The pressure difference 6P across the flame front is given by 

c:· v. ( c:. - . 1 
. r . ;J \. 

(· ~ 
. ' 

where ~ 1 is the initial gas den~i ty, ~ f the final gas den si ty 

and vb is the burning velocity. 

In reality t he burni ng velocity is not constant over the 

entire cone, it being much lower at the burner rim due to cool 

wall effectso Linnett (Ref. 5) also mentions that the burning 

velocity a t the centre (i. e. tip of the cone) would be much higber 

than over the rest of i t due to heat flow to the tip from all the 

sides. One arrives at the same conclusion by observing that the 

heat losses at the centre of burner a.re a minimum and increase 

towards the rim. Renee there is further distorti on of the fl!llle 

cone. 
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Considerable divergence of opinion exista on two aspects 

of deter.mining the burning velocity for the burner flame (Ref. ·l, 

2 and 4) • The first one is whether to use the luminous cone or 

the schlieren cone or the shadow-graph cone and the second one 

whether to use the angle method or the total area method for obtain­

ing the burning velooity from the desired flame cone. 

Unlike the case of the plane flam.e front where no matter 

what technique of photography ie ueed the same flame surface area 

resulta, in the case of conical shaped flames, the flame surface 

ares. differa from the Schlieren to the luminous and shadowgraph 

cones. Broeze (Ref. 8) points out that the schlieren cone ie 

inside the luminous cone and favours using tha t as the ba sis. 

Gaydon and Wolfhard (Ref. 2) suggeet that as the schlieren cone 

gi ves the surface of the maximum refracti ve index and as the re­

fractive index is proportional to the inverse of the temperature 

(neglecting changes of chemical composition) that it corresponds 

to the surface of the first temperature rise. They refute the 

suggestion of Van der Poli and Westerdyk (Ref. 2) that most of the 

reaction takes place in the schlieren cone. Due to the exponential 

affect of temperature on chemical reaction, the bulk of ~ê reaction 

takes place at a high temperature say around 1000 °C or over and 

the schlieren effect (varying as I/T) would be quite small at this 

tempera ture. It is likely therefore that the reaction zone may 

be much nearer the luminoue cone than the schlieren cone. The 

significance of the shadow cone in relation to the temperature 

variation or the growth of reaction is not too well understood. 

However, Wohl (Ref. 9) mentions that the outer edge of the shadow 
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cone is inside of the visible cone and separated from it by a few 

tenths of a millimeter, and further that the separation between the 

visible and schlieren canes is of the order of 0.2 mms. 

From the foregoing it can be seen that for a humer of 

1 cm diameter the devia. tion in the flame surface a rea would be of 

the order of 4% wbether the luminous or the shadowgraph or the 

schlieren cane is considered and this deviation becomes smalle~ as 

the burner size increases. Further if one is content wi th the 

relative variation of the burning velocity, the choice of the cone 

surface is imms.terial as long as there is consistency in the ohoice. 

There are three methods generally used for dequcing the 

buming velocity from the flame cane, the total area method, the 

partial area method and the angle method. 

. .-.,.----1 

Fig. 6. Fig. 7. Fig~ 8. 

In the total area method the flame surface is divided .· 
into a series of strips normal to the humer axis, as shown in 

Fig. 6 and b,y approximating eaoh strip with a frustum of a cane 

or any other solid of revolution, the surface area of the flame 

is established. Thus the surface area of the strip at the base of 

Ac= n, 
F G :. Il~ 
p 1= :. .h, 

G c ::. J..1 
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the name is given by ft s1 (r1 + r 2 ) and total area, on the basis 

of a series of such conical strips is equal to ~ tt (rn + rn + 1) sn. 
n 

It may be necessary to replace the tip portion by a spherical 

segment .whose area will be 2 ft rh where h is the height of the 

segment and r the sphere radius (Fig. 7). 

Gaydon and Wolfhard (Ref. 2) suggest another method for 

estimating the surface area. Their method is illustrated in Fig. 8. 

The surface area of element AF ie tt s1 (r1 + r 2 ) and the area of 

figure AFGC is given by 1/2 h1 (r1 + r 2 ). From Fig. 8, h1 = s1 cos ot.. 

If at each section say GF, the radius Le. GF is inoreased 

in the ratio of 1/cos eX., points like H are obtained and the curve 

DE is established. Planimetering figure DEBC, one obtaines the 

value of ~ 1/2 Bn (rn + rn + 1) and the fl.ame surface area which 

is eq~l to ~ tt Sn (rn + rn + 1 ) is given by 2 tt x area of 

figure DEBC. 

Once the area of the flame surface is obtained, the 

burning velocity may be deter.mined from the relationship 

A vb =· v3 . Af 

The main obj action levelled against -this method is that no account 

is taken of the cold wall affects at the rim and the tip affects 

which are auch that the burning velocity is too low at the rim 

and too high at the tip. However if the diameter of the burner is 

large (say of the order of one inch) these affects are quite small~ 

The partial area method used by Dery (Ref. 1) eliminates 

the tip and base affects and should be favoured for burners of 

small diameter. Here the areas at the tip and base are neglected 
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and the burning velocity is calculated by dividing the flow through 

the annular area between two radii over which the tip and base 

effects are absent, b,y the corresponding frustum area. The angle 

method also uses the same principle except that the burning velocity 

is calcula ted by mul tiplying the mean gas velo city by the sine of 

the mean cone angle of the frustmn. 

It may be observed again, as was remarked when discussing 

the choice of the flame surface, that what really matters is con­

sistency in the method used as any of them can only give relative 

variations of the burning veloci ty. Consequently, one has to be 

very cautious when comparing values determined on the basis of the 

different methods . 

An improvement in the burner method which facilitates the 

burning velocity calculation is the use of a nozzle at the burner 

top. Mache and Hebra (Ref. 2) demonstra ted tha t the use of a 

nozzle gave a uniform velocity profile and hence a flame surface 

approximating a perfect geometrical cone. The use of such a nozzle 

would save the labour of determina ti on of the area or the mean cone 

angle of the relatively irregular name surface of an nrdinary burner. 

On the other hand, the evaluation of parameters like mixing time 

of the gas mixture before combustion becomes quite difficult. 

Lewis and von Elbe (Ref. 1) have used another method 

for determining the burning velocity for burner flames. This 

consista in injecting into the flow stream fine particles which can 

follow the accelerations in the flow stream. By illuminating them 

strongly, the flow lines can be observed. Further by using a 

stroboscopie photography technique, the particle velocity can be 
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determined. From auch measurements, the buming veloci ty can be 

dedu~ed. Magnesium oxide particles were used for auch studies. 

Effect of particle inertia is hard to allow for. Also surface 

affects of the particles may introduce additional complications. 

However, this method has the advantage that variation of the burning 

velocity over the burner cross section can be studied. 

A discussion of the methode of burning velocity measure-

ment is incomplete wi thout a mention of the Flat flame method 

developed by Egerton and Powling (Ref. 10). 

Fig. 9 

By an ingenious design of the bume~~ 

a candi tion wh en the buming velo city 

is just equal to the gas velo city 

is obtained wi th the result that a 

flat name is maintained. The burner 

is illustrated in Fig. 9. The flame 

could be photographed either directly 

or for a schlieren i.Iilage and the same 

area is obtained. This method, un-

fortunately, has the limitation that 

it c~ be used only for slow flames where the burning veloci~ 

does not exceed 15 ems/sec. 

The continuous flow burner method is the mostly widely 

used of all methode of burning velocity deter.mination,due to the 

fact that the apparatus needed and technique used are very simple. 

However, considerably·larger quantities of gas mixtures are needed 

than for the other methods. But this is a secondary consider-

ation for flames of such common gases as methane, propane or 

hydrogen. 
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THIDRIES OF FL.AME PROPAGATION 

The first a ttempt at formula ting a theory of flame pro­

pagation was made by Mallard and Le Chatelier (Ref. li). 

A 1 
T' 

They assumed that below a certain 

)---·--
/' Ti tempera ture Ti - the ignition temper-

&= fra!fl~ : ature, no reaction took place and 

x ·"' - oo 1 that once this temperature was reached, 
ï,) ~. E "'! ----···· . ____ ·_ __j_____ ,_ reaction proceeded at a constant rate 

X:O X. 

Fig. lOo till the maximmn temperature Tr was 

attained. The temperature distribution is shown in Fig. 10. 

The gas mixture, flowing from x = - oo at tempera ture T1 gets 

heated to temperature Ti purely by conduction and reaction takes 

place in the region x = 0 to x = ~ > and i ts tempera ture ris es to 

Tf and remains at Tr, if there are no heat losses. Assuming 

constant specifie heat and coefficient of thermal conductivity for 

the gas in the temperature range of T1 to Tf, the temperature dis­

tribution may be expressed by the equation 

d 2
T WC~ dT q ~ 

c1 x 2 
- T cl x + "X = 0 • • • • • • • • • • • • • • •• (1) 

where V is the mass rate of combustion per unit area of the flame 

front (and is equal to ~ 1 Vb) 1 q the reaction rate (expressed 

as number of molecules reacting per unit volume per sec) and Q 

the heat liberated by combustion of one molecule of the fuel. 

The term !..22 dd T corresponds to the heat conducted away by the 
A x . 

fio"Wing gas and the term ~ corresponds to the hea t produced 

. by chemical reaction. 
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For - co < x < o, q = 0 and equation (1) simplifies to 

For 0 <x< e, q is constant and 

d 2 T _ 'W Cp d. T + CfJ & 
o:x.' À ct:x >.. 

0 

0 

With the boundary conditions x= o, T = T1 

x= e, T = Tf 

• • • • • • • • ( 2) 

•••••••• ( 5) 

and the con tinui ty con di ti ons 1. e. ( d T) shall be the same for 
dxx=O 

solutions from both (2) and (5), the equation 

-If - e 
Cf 

is o btained where ~ = 
'W Cp E­

À 

If a1 is the initial concentration of the fuel molecules (expressed 

as number of molecules / unit vol of initial mixture), then 

e = Vb ·~ a1 (valid as q, 

for w = ~ 1 vb and for e, 

the reaction rate is constant). Substituting 

Further as ~ il!l proportional to e, the name thickness, which is 

-'f 
small, e can be expanded as a series up to ·. the first two terms, 

whence 

or 

Tt_ - T. 

T.ç. - r; 

v -
b 

1 - ( 1 - <f + '-s':a/2 - . < • ) 

cr 
~ 

1 - ï 

which gives 

••••••• (4) 
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The obvious short-comings of this simplified theory are 

(1) the assumption of an ignition temperature below whiçh no reaction 

oocure, and 

(2) the assumption of a constant reaction rate in the reaction zone. 

Self sustaining combustion is possible only if the rate of 

heat production by the chemical reaction is in excess of the rate at 

which heat is lost to the surr01.mdings. Thus the minimum temperature 

at which a gas mixture may ignite and burn to an explosion, which is 

defined as the ignition temperature, is dependent on the rate of beat 

losa from the system. It can be seen, therefore, that the ignition 

temperature is not an absolute quantity and oannot have a physical 

significance without reference to a particular system. This fact 

bas been ccnfirmed by experimen ts. Th us for hydrogen air mixtures, 

containing about 28% of hydrogen, ignition temperatures from 467 

to 700 °C are reported (Ref. 12). 

FUrther, chemical kinetic etudies have established the 

exponential variation of reaction rate with temperature and on the 

basis of the simple collision theory 

-EJoT 
q = P* Z e "n 

where E is the activation energy for the reaction, Z the collision 

frequency and P*a probability factor called the sterio factor. The 

-E/RT 
exponential tenn e , on the basie of the kinetic theory of 

gases, just corresponds to the fraction of total particle collisions 

involving a joint energy greater tban E. 

Zeldovich, Frank-Kamenetsky and Semenov (Rer. 15), while 

retaining the approach of Mallard and Le Chatelier, compromised 

the latters1 theory to confonn wi th the chemical kinetic evidence 
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of a temperature dependent reaction rate. They retained the 

notion of the ignition temperature, but demonstrated that the final 

expression for Vb is independent of the value chosen for Ti. 

Thus in equation (4) for vb the term 
Tf 

q, (Tf - Ti), which is really 1 Jq, d. T if q ie 
a., a., 

T; T~ 

not a constant, can be wri tten as ....!... j 't ct T where T1 is an 
a1 T' 

arbitrary temperature. 

On the premise that most of the reaction takes place very 

near the maximmn tempera ture, Semenov showed tha t for a mono-

molecular reaction where 

k 
- E/RT 

~ = o.. e 

k ë E/r<T_ç T, 

rt -T, Tf 

The equation for vb becames 

Allowing for the variation o-r Cp and A and the change in the number 

of molecules after the combustion, this equation becomes 

where the propert,y values with subscripts f refer to conditions 

at the name. 

n, 
In this equation,· D is the diffusion coefficient, -

. na 

the ratio of the number of molecules before and after combustion 

and ll.H
0 

the hea. t of combustion of unit maas of the initial gas 

mixture which is also equal to Cp (Tf - T1 ), if ëP is the average 
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specifie heat between temperatures T1 and Tr· For a bimolecular 

reaction, the expression for vb takes the form 

- ' '2. ü l Yz.. 
V = [2>-t- Ro.,~:~:.-f (!~) (-~ )'2. 1"3.! )-.. (-'-r[- \::. E. Hf- •• (6) 
b ~. (ôHf.)" lf D<>Cp t \ n.~ E ) ..J 

The accuracy of equations (5) and (6) is good if the 

fictitious ignition temperature T' approaches Tf, Le. if· thè 

activation energy is large so that the extent of reaction taking 

place very near Tf is far in excess of that oocurring earlier. 

Semenov (Ref. 15) emphasizes that these equations are satisfactory 

for Tf - T1 ~ 0.25 Tf• For a bimolecular reaction, for values 

of RTr/E > 0.1, Tr - T' beoomes greater than 0.25 Tr and the 

accuracy of equation (6) deteriorates. The validity of equation 

(5) is tolerably good over a wider range. 

The foregoing analyses considered the phenomenon of name 

propagation as purely thermal in character and that the reaction 

rate was proportional to the number of successful collisions of the 

reactant molecules. However, there is sufficient evidence to 

indicate that chain reactions with atome and free radicals ini-

tiating and accelerating the growth of the reaction may be the 

controlling processes, at least in some gas-phase reactions. 

Tanford {Ref. 15) observed a very good correlation 

between the equilibrium hydrogen atom concentration and burning 

velocity for several mixtures of moist carbon monoxide flames in 

air and oxygen. Tanford and Pease proposed that the concentration 

of the hydrogen atom at any point determined the r ate of reaction. 

They demonstrated that diffusion of hydrogen atome and other 

active centree upstrea.m into the tmburnt gas was greatly in 
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excess of the local equilibrium concentrations. Their equation for 

vb, generalized to include ali the atoms and free radicale ' is: 

[ 
k · p· il -L c' J Yz.. ~ 1. ~ -. . 

i.. . B ·~ c." 
•••• (7) 

where i refer~ to each of the species .considered and ki is the rate 

constant for interaction with the combustible, Pi the partial 

pressure of the i th species in the burn t ga ses, Di the diffusion 

coefficient into the unburnt gas, C1 the concentration of the com-

bustible, C" the concentration of the combustion products, Bi a 

factor which allows for the loas of the radicale through recombination, 

and L the number of molecules per \Ulit volume of the gas at some 

appropriate temperature. 

Attention is drawn to the fa.ct that while this theory -

usually referred to as the Diffusion theory- acco\Ults for the im-

portance of free atoms and radicals on the reaction, the formation 

of these is considered as being thermal. The possibility o~ the 

active particles being form.ed due to chain reactions is disco'Qllted 

and the concentration at any point in the reaction zone is attributed 

entirely to diffusion from the flame front. Another limitation of 

this theory is the assumption that the reaction zone is isotherm.al, 

which is used to facilitate the solution of the diffusion equations. 

Both the theories described so far, i.e. the thermal and 

the diffusion theories, suffer from the fact that the picture of 

fiame propagation is grossly simplified. However, both have been 

found to explain certain sets of experimental data quite satisfactori-

ly. Nevertheless, these theories and their many derivatives 
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cannot be regarded as general solutions to the problem. Hirschfelder 

and his co-workers (Ref. 17) have made the most systematic investi­

gation of the problem by starting off with equations of conservation 

of mass., energy and momentum and the transport equations for the 

various chemical species. By making suitable assumptions., the,y 

have reduced the equations in auch a way that differentia! analyzers 

can be used for getting the solution. Starting off wi th the same 

set of basic equations., von Karman and Penner (Ref. 18) have 

formulated the eigen value problem and solved the equations for the 

cases of hydrazine decomposition and ozone decomposition. The 

solution of the equations for auch relatively simple reactions has 

necessitated the use of very involved mathematical techniques. 

One wonders if auch a procedure would be fruitful at all for a 

complicated reaction like hydro-carbOn oxidation., where the availa­

ble chemical kinetic data is very limited. If in fact a knowledge 

of every reaction step is required to predict the normal velocity 

of flame propagation or other flame properties., one may conclude 

that the problem is solved in principle but much too complicated 

to be of any practical value. The mUltiplicity of the kinetic 

possibilities and the dependance of the lattèr on such indeter.mi-

nate factors as wall affects may indeed make the search for solu­

tions of this type almost hopeless. 

Renee., theories that can connect the properties of flame 

propagation without special reference to or at least with a minimum 

of such reference to chemical kinetic aspects would be very de­

sirable. Thus, if the simplified theories can at least serve as 
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good first approximations, their usefulness is considerable. The 

agreement of the predictions made on the basis of the thermal 

and diffusion theories with experimental resulta will be investi­

gated later on. 
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PRESENT EXPERIMENTAL INVESTIGATIONS 

1. Description of the Apparatus 

Fig. 11 shows a schematic diagram of the experimental 

apparatus used. It consisted of a gas tc air counterflow heat 

exchanger which served to heat the air going to the burner. A pro­

pane fired combustion chamber supplied hot gases to the gas side of 

the heat exchanger. Fig. 12 shows the constructional features of 

the heat exchanger and combustion chamber. The heat exchanger 

consisted of a l" O.D. outer tube arranged in the form of a U and 

the inner tubes (air side) were two '3/8 11 O.D. tubes also bent into 

U form. A construction like this eliminated troubles with differ-

ential expansion. Stainless steel was used for all parts of the 

heat exchanger and combustion charober. The latter had a cast 

alumina refractory liner and provision was made for air cooling of 

its outer walls. 

Air leaving the heat exchanger passed through a straight­

ener section and four chromel alumel thermocouples located in the 

latter measured the ~ir temperature. The flow disturbance caused 

by these thermocouples and the 90° bend in the exit from the heat 

exchanger was removed by a series of stainless steel meshes followed 

by a contracting nozzle. Fig. 15 shows a half sectional view of 

the straightener section. The double wall construction was adopted 

to reduce hea t conduction from the thermocouple wells. The con­

tracting nozzle was designed to ensure a uniform velocity distri­

bution at the throat section. 

Four circular pieces of stainless steel meshes (mesh 

size 28 x 30) held apart by snug fitting spacers , were used and the 
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thermocouples were located between the first two. A 16 gauge 

hypodermic needle passing axially through the straightener section 

served as the propane jet. (This can be seen in Fig. 12). The 

burner tubes made of vycor or quartz fitted into the socket at the 

end of the straightener section and asbestos rope was used to pack 

the joint. For burner si~es less than 1" in diameter, the tubes 

were enlarged at the end to fit into the socket. 

The beat exchanger, combustion chamber and the straightener 

section were located ~ a transite box filled with fibre frax (blown 

alumimnn oxide, used as insul.ator) to reduce the heat losses. The 

large mass of insulation acted both as a sink and source of beat and 

helped in damping down any temperature fluctuations. The bumer 

tube was also. insulated with fibre frax held in place by a 5" 

diameter pyre~ tube located concentrically with the burner. 

The temperature of the air passing up the burner tube 

was contro1led by the propane flow into the combustion chamber. 

For fine control, the secondary air flow to the combustion chamber 

was varied, which changed the maximum gas..temperature at the heat 

exchanger entry. The temperature of the air, as measured by the 

thermocouples in the straightener section, could be he1d to wi thin 

± 5°C in the range of 0 - 700°C; although control up to ± 5°C was 

achieved in some cases when more time was allowed for the rig to 

reach a steady state. 

Air was supplied to the burner from the laboratory air 

lines and a swirl separator was included in the line to separate 

any oil or water from the air. The flow was measured wi th a 

differentiai manometer connected across either of two orifices, 
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one suitable for hig.'l and the other for low fiow rates. These 

orifices were calibrated against a standard orifice and check 

calibrations were made from time to time. 

The propane supply was taken from the laboratory propane 

lines. Liquified Gas Utilities Ltd., Lachine, supplied this g;:;:; 9 

and the composition by volume was: 

and 

Propane 

Propylene 

Butane 

Ethane 

Iso butane 

traces of sulphur. 

~ 
) 

94 - 97 % (US'LW.lly 95%) 

5- 5% 

Traces less than l % 

The propane flow was roeasured with a differentiai mano-

meter connected to a sui table orifice in the line, which was 

calibrated against a precision wet gas meter. As with the ether 

orifices, the calibration was checked frequently. 

The thermocouples used in the straightener section and 

their circuits were all calibrated and extensive calibrations were 

conducted to determine the extent of lag due to conduction affects. 

Temperature traverses were also .made along the length of the burner 

tube using a platinum and platinum + 15% rhodium ther.mocouple 

(wires were 0.005" in diameter). For the case of the longest 

burner used (about 20 11 ), the temperature drop along the length 

was of the order of 5°C in 550°C, which indicated that the in-

sulation around the burner was quite effective. 

A general view of the instrument panel is shown in 

Fig. 14. 
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Fig. 1.4 
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2. Details of the experimental technigue 

The bur.ning velocity determination was made using the 

total area of the visible inner cone of the flame. A 55 mm. 

Robot camera ~dth a 1.9 f lens was used in oombinr:;.tion with a Ikl..üt 

no. 2 close up lens for photogra.phing the flame. ilî·. J.t'd hig}.J. 

speed HP5 film was used for all the flame photogr upny -w·~rk. 

After a series of preliminary tests, lt· was fmmd t.l:r-1tJ 

an exposu.re of 1/500 second gave the best definition for the irn•n' 

cone and i t wa s decided to standa.rdi ze on this. The fillns were 

developed in Kodak D-11 or I1ford ID-2 developer Hnd fixed in Kc éh1k 

rapid hardening fixer. Care was taken to ensure reproducible 

conditions during processing of the films. 

The films were projected on to a screen with a still 

proj ector and the outline of the inner cone traced therefrom. A 

magnification of about 8 to 1 was used which aided in reducing the 

exten t of errer in tracing and area measuremen t of the flame cone. 

The area was measured by approximating the profile with regular 

geometrie figures and calculating the area of surface of revolution 

of the several elements and then summing these together. 

The procedure used in carr.ring out the e~~11eriments was 

as follows. At a given value of the preheat temperature and air 

flow rate, the propane flow was varied over a range of values and 

at each one of these, the flame i-ras photo~-raphed . (Actu.ally 

at any point, b-ro pictures of the fla.me were ta..J.cen so that a 

reliable mean area could be obtained). The range of propane flow 

was, of course, limited qy flash back or blow off, depending on 

the magnitude of the gas velo city in the bumer, at the fuel 
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weak end and by the merging of the inn er and outer con es, as in a 

diffusion flame, a.t the fuel rich end. 

The gas veloci ty in the burner tube, for a set of experi­

menta of this nature, rema.~ed perceptibly constant, neglecting 

the change in velo city due to changes in the propane flow, whioh 

wa.s of the order of 3%. 'l'hus the mixing time between the propane 

and air and the Reynolds ·number rema.ined constant and by changillg 

the air flow rate, the effect of the change of mixing time was 

studied. Further as the range of stability differed from one air 

flow setting to another, a wide range of air fuel ratios could be 

covered by choosing four or five values of the air flow. 

Tests, as described above, were conducted a.t several 

preheat temperatures in the range of 0 to 64QOC and over a range 

of burner tube lengths and dismeters. 

3. Experimental Results 

Most of the burning veloci ty measurements were made on 

a 111 diameter Vycor tube (96% silice.) with an effective mixing 

length between the propane jet and air of 16. 38". In a.ddi tion, 

tests were conducted with mixing lengths in the range of 10.5" to 

20.5" for the 111 diameter burner and some on a 0.652" diameter and 

17. 75" mixing length burner. 

Fig. 15 shows the resulte obtained from all these experi­

mente. The burning velocity Vb is shown as a function of air fuel 

ratio (by weight) with the initial temperature as a paremeter. At 

a constant value of the latter, the burning velocity measurements 

show a scatter of about + 5%, which is due to change of factors 
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like mixing ti.me, mixing length and burner diameter. This is 

particularly noticeable for T1 = 414 °C and 515 °C where Vb was 

deterroined over a wide range of burner lengths and diameters. 

It can be seen from Fig. 15 that ail the measurements 

correspond to values of air fuel ratio lesa than 15.5, i.e. to the 

fuel rich side of stoichiometric. The reason is that at larger 

values of the air fuel ratio, the flame would lift off the burner 

rim, at some point, and the two dimensional flame photograph would 

give a spurious indication of the flame surface area. On re-

ducing the air flow, the flame would flash into the tube. The 

only way to have the name burning at air fuel ratios in excess 

of the stoichiometric would have been to use an external stabiliz.~g 

influence i.e. by having a wire mesh ac ross the bumer tube end 

or by heating the burner rim. Using a wire mesh, the flow 

pattern would be changed and the flame would assume a multi-

conical structure which ia tmsui table for burning velOci ty measure­

ments. Heating of rim with a pilot flame or electrically, whilst, 

no doubt, widening the limita of stability, would affect the 

preheat temperature and compli cate the problem. So it was decided 

to investigate the region within the normal limita of stability 

of the burner. 

From Fig. 15, it can be seen that the burning velocity, 

at any given temperature T1 , increases at first, reaches a maximum 

and then starts to fall off with air fuel ratio. The maximum 

can be clearly se'en for the curves at some of the preheat tempera­

tures while for others, the lack of data at high values of air fuel 

ratio prevents a wall defined maximum being show.n. 
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Fig. 16 shows the variation of the maximum burning 

velocity with the inverse of the preheat temperature (in degrees 

Kelvin) on a logarithmic basis. On the same figure is show the 

resulte of Dugger1 s work at the N.A.C.A. Laboratories (Ref. 19). 

These measurements were made using the total area of the outer edge 

of the shadow cone of a Blmsen bu.rner flame. It is seen that the 

agreement between Dugger1 s resulta and those of the author is 

good. This is very encouraging, as quite often, in the literature, 

doubt is expressed over the extent of reproducibility of burning 

velocity data. 

On the same figure (16) is also show the burning velocity 

resulta plotted on a constant air fuel ratio basis. As mentioned 

earlier the range of air fuel ratios refera to mixtures richer 

than stoichiometric. 

Fig. 17 is typical of the extent of scatter that was 

found in the burning velocity determination. This set of experi­

mente was done with a single burner (constant length and diameter) 

and at a preheat temperature of 591 °C (864°K). The temperature 

was held close to ± 4°C. The only parameters that were changed 

were the air fuel ratio and the air flow rate (the equivalent of 

mixing time). Four settings of air flow were used. The points 

correspondi ng to a constant value of mixing time do not follow a 

common trend and the scatter appears to be random. However, 

this scattèr is nowhere in excess of + 5% from the mean curve. 

The effect of change of tube diameter can be seen from 

Fig. 18 where the burning velocity data for two burner sizes is 

plotted against the ai r fuel ratio for T1 = 515 °C (788°K). An 
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attempt has been made to eeparate the points referring to different 

mixing times, with more success than in the case of Fig. 17. 

Two interesting features may be observed from Fig. lS. 

Firstly, the scatter of the points for the 0.652" diameter burner 

for both 'L m(mixing time) = 0.0345 and 0.0375 seconds is very much 

less than for the 1 11 diameter burner under similar conditions. 

The Reynolds number for the smaller diameter burner is 23SO for one 

set of points and 2640 for the other, whilst for the larger burner 

the Reynolds number is in the range of 3440 to 5970. Thus the 

flow, with the smaller burner, remains laminar and more nearly 

developed. For, the minimum length of tube required for the flow 

to be fully developed may be expressed as 

Lm = constant • Re • d. 

The constant is about 0.03 (Ref. 2). With the 0.652" diameter 

burner, the product Re • d is smaller than wi th the 1 11 burner, 

both due to reduced Reynolds number and diameter. 

Hence the flame propagation in the case of the 0.652" 

diameter burner is more lamina.r and the burning velo city re sul ta are 

less affected ~ turbulence. But with the 1 11 diameter burner, 

the Reynolds number corresponds to the critical range and the nature 

of flow may be changing from laminar to turbulent (probably small 

scale turbulence) which could give rise to the scatter of the points. 

The other interesting feature is that the burning veloci ty 

wi th the smaller burner is lower than wi th the larger one over 

the full range of air fuel ratios. The reason for this lies in 

the fact that the flame on the small aize burner is more affected 

by cooling at the rim. The burning velocity measured by the total 
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area method would be lower for small diameter burners, where the 

flame area at the rim forma a larger :proportion of the total area 

than with burners of larger diameter. 

It may be observed, in passing, that the rounding at the 
; 

tip of the cone, which means that the burning velocity at the tip is 

higher than it should be, does not compensate for the rim effect, 

as the area contributed by the tip portion of the cone is small in 

relation to that contributed b,y the base. 

Attention may also be drawn to the fact that the dependance 

of burning velocity on Reynolds number is not systematic, as can 

be seen from Fig" 18. This is substantiated by the data presented 

in Fig. 19, which refers to T1 = 556 °C (829°K). 

The effect of change of mixing length on burning velo city 

is shawn in Fig. 20 at two values of the preheat temperature, 

namely 515°C and 414 °C. The range of mixing lengths covered was 

from 10.511 to 20.5 11 at 515°C and from 16" to 20.5 11 at 414°C. In 

the latter case, the burning velocity data shows a random scatter 

al though the points lie wi thin ± 5% from the mean line. Thesame 

is true of the resulta at 515°C except that with Lm = 10.511 , the 

points lie everywhere above the mean line. This may be explained 

as follows. 

Due to the shortness of the tube (for~= 10.5 11 ), the 

flow has had no chance to develop into the normal parabolio profile 

and the flame has a tendency to be come turbulent. (Refer to Gaydon 

and Wolfhard (2), who point out that insufficient length rather than 

high Reynolds number can give a turbulent flame). This is 
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not the case for Lm= 16.38", 18.54" etc. For, although the 

difference in burner length is not sufficient to ensure a fully 
. ' 

developed flow pattern - the latter condition being attained only 

as;Ymptotically with Lm= 0.03 Re • d, which is of the arder of 

10 ft. - i t is still sufficient to make laminar flame propagation 
~-

more probable ...... Imperfect mixing and flow which is not de.veloped, 

with Lm:. 10.5011, is responsible for giving a turbulent flame and 

hence an apparently high value of Vb. 

One may appreciate this by referring 

to Fig. 21, as the flame surface 
LO.IVIIY'\ 0..(. 

Dottecl '\ 1r"'e area measured on the assumption of 
Tvrbulen t 
( 9~"~cd: 1~ ,... • u '). a laminar flame is smaller than that 
1 E...>< C.. 'j 3 a v.,t .. "' 

possessed by the multi-cellular 

turbulent flame front. 

Fig. 21 

In spite of this systematic scatter, the Vb values at 

515°C are wi thin ± 6% from the mean curve, wh en the mixing time 

has changed from 0.0258 secs to 0.0476 secs., a variation of± 53.4% 

over the mean value. This indicates that the effect of change of 

mixing time 't m (or the mixing length Lm) on Vb is not significant 

when the magnitude of 't is about a few htmdredths of a second. m 

One may have expected that the preflame reactions, the 

extent of which is dependent on 1 m' would have affected the 

problem of flame propagation more significantly. For instance, 

in the phenomenon of spontaneous igniti on, these preflame reactions 

are responsible for maintaining a stable flame front. 
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Although cool flames in continuous flow systems have 

been observed for propane air mixtures around 450- 500 °C (Ref. 47), 

the residence time (usually referred to as induction time in cool 

flame and slow oxidatiori studies) is of the order of a few minutes 

or more. Extensive data on high temperature spontaneous ignition, 

connecting the ignition delay (i.e. the time required for a flame 

front to appear after fuel is admitted into the hot air. stream) 

with the air temperature is available for a number of hydrocarbons. 

Fig. 22 shows the spontaneous ignition data for two 

hyqrocarbons of the paraffin series> n-hexane ( c6H
14

) and ethane 

( c
2
H6). This data, taken from the work of Mullins (Ref. 20) was 

obtained from spontaneous combustion studies in a vitiated air stream 

(i.e. air stream containing combustion products arising from burning 

seme fuel in order to preheat it). Unfortunately, no qata for 

propane air mixtures was available. However, for the purposes of 

the present discussion only the order of magnitude of the ignition 

delay is of interest and it will suffice to use the data from 

Fig. 22. 

The results of Mullins' investigations are confined 

to preheat temperatures in the range of 750 °C to 1000 °C. From 

theoretical considerations, it can be shown that the temperature 

and ignition delay for the spontaneous ignition process are connected 

by the equation. 

. ....•• ( 8) 

(Refer to the appendix III for the derivation of this relationship) . 
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Thus one would obtain a straight line b;)' plot ting log ( t . . T1
1
/

2
) 

1 

against l/T1 and it is possible to extrapolate the ignition delay 

results to lower temperatures. 

The ignition delay for propane air mixtures, assuming that 

i t is of the same arder of magnitude as for ethane air and n-Hexane 

air, is about 57 seconds at 515°C (788 °K). In actual fact, as 

the activation energy for propane oxidation based on low temperature 

studies, is less than that for ethane oxidation, this value may be 

high. In any case, 'ti could not be much smaller than about 40 

seconds. Hence the residence time ~ , allowed in the flame pro­
m 

p~gation studies described a bove, is only about Oo06% (for ~ m = 
Oo0258 secs.) and 0 . 12% (for~ m = 0. 0476 secs) of ~ 1 • .It is 

therefore understandable that changes in burner length did not 

affect the measured values of Vb significantly. 

Even at T1 = 700 °C, which was about the maximum value 

of the preheat temperature that could be attained with the apparatus 

used by the author, the magnitude of 't 1 would be about 0.24 seconds 

in comparison with a mean value for Tm of about 0.05 seconds, which 

is only 12. 5% of 't. . . 
l 

Over a similHr range of burner lengths 1. e. 

10.5011 to 20.50" tha t was covered for T1 = 515 °C, the residence 

time would var y from about 8 to 16% of T.. i. Bearing in mind that 

the measurement of burni ng veloci ty was not reproduci ble to closer 

than ± 5% due to uncertainties of area measurement, turbulence 

(both flame created and otheniise) and the inherent limitations of 

the technique, the effect of changes i n 't m would be just beginning 

to be discernible at about the maximum temperature of the present 

series of experiments. 
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It is justifiable therefore to conclude that in the range 

of preheat temperatures studied presently i.e. 0 to 640 °C and the 

range of burner lengths and diameters covered, the burning velooity 

is independant of the latter factors. lt is emphasized, however, 

that the dependance of ignition delay on initial temperature is 

exponential and that the conditions may change considerably for T1 = 
750 oc. Since the present experiments could not be extended to this 

region, due to the limitations of the equipment, i t :i.s difficul t 

to say whether a. stable flame can be had at the rim wi thout i~ 

stabilizing inside the tube and if it could be had, whether the 

burning velo city would still be independant of mixing time. 

Fig. 25 shows the results ob~ined bY Bul.E\ (Ref.5~,w1:th thesame 

apparatus, on the effect of varying the oxygen content of 1air1 on 

burning velocityo In one case nitrogen and the other oxygen were 

in troduced in to the air stream in c•rder to change the proportion 

of oxygen in the oxygen-nitrogen mixture " The curves of Vb max 

against T1 have been extrapolated and they seem to converge at T1 - · 

0°K. Although in practice, the propane will have liquified much 

before then and flame propagation will not extend to that tempera­

ture, the fact that the curves start at T1 = 0°K, fit in with the 

Arrhenius picture of reaction rates. 

Fig. 24 shows the data from Fig. 23 replotted to show the 

combined effect of initial temperature and composition of the 

oxygen ni trogen mixture on the maximum burning veloci ty. The 

latter has been expressed as a percent of the value correspond-

ing to natural a.ir . It is seen that wi th an enrichment of the 

oxygen content by 18.5%, the Vb max increases by about 30 to 50%. 
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Similarly when the oxygen content is reduced by 12.5%1 the decrease 

in Vb max is between 25 and 45%. 

4. Correlation of experimental results 

An attempt has been made to predict the relative variation 

of the maximum burning velocity with initial temperature on the 

ba sis of the simplified thermal theory and the diffusion theory. 

The relative variations seem to be predicted fairly well according 

to beth these theories. 

As can be seen from equations (5) and (6), the flame 

temperature Tf enters explicity into the equations for the burning 

velocity vb. In equation (7) the term Tr does not appear directly1 

although the active particle concentrations Pi in the reaction 

zone depend on the flame temperature. · In the earlier discussion 

on flame temperature (page 5) 1 the difficulties in measuring this 

quantity were mentioned and it was proposed to use the adiabatic 

flame temperature calculated on the basis of thermochemical data 

instead of the actual value. 

In the case of constant pressure combustion {neglecting 

the small pressure drop across the flame front), 

Tf 
Hf = H 

1 
+ ~ ( Cp f - Cp,) cL T 

oooooo(9) 

r. 
where H1 and Hr are the beats of reaction at the initial tempera-

ture T1 and final temperature Tr and Cp1 and Cpf the initial 

and final specifie beats of the gasas respectively. Equation ( 9) 

is just another way of expressing the conservation of energy 



- 54 -

where me p = the equilibrium concentration of product p at Tf 
(in moles) 

m1 r = the concentration of reactant r at T1 (in moles) 

Hf P = enthalpy per mole of product p at Tf 

H1 p = enthalpy per mole of product p at T1 

H1 r = enthalpy per mole of reactant r at T1 

~He= heat liberated by combustion. 

and the surnmation is carried over all the product molecules p 

(allowing for dissociation) and reactant molecules r. 

The calculation of the adiabatic flame temperature lor a 

given initial temperature and air fuel ratio has to be done by a 

process of trial and error, as the composition of the mixture at 

the flame front is required for the flame temperature evaluation 

whilst the composition itself depends on the latter. Various 

systematic rnethods of simplifying the calculation are available 

and Appendix I (a) indicates, in detail, the method used by the 

au thor. 

Fig. 25 shows the adiabatic flarne temperature, calculated 

with beat losses not taken into account, as a fUnction of air fuel 

ratio and preheat temperature for propane air mixtures. The 

maximum value of the adiabatic flame temperature wi th an initial 

mixture temperature of 25°C is 2285°K as agair-st a measured value 

by sodium line reversal method of 2198 °K quoted by Lewis and von 

Elbe {Ref. 1). This difference of 3.8% between the theoretical 

and measured values could be easily accounted for by heat losses. 

Assuming that the heat losses would be of the same order of 

magnitude over the full range of initi-al temperatures, no 
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discrepancy would be introduced in calculating the relative burning 

velo city by usi!îg the adiabatic flame temperature in place of 

the actual one • 
1 

Correlation with the thermal theory:-

Propane oxidation stoichiometrically is represented b,y 

5 CO + 4 R20 
2 

• • • • • • • • • • e (11) 

but kinetically the rate controlling step may be only a monomo-

lecular or bimolecular reaction. Renee a correlation of the maximum 

burning velocity data with both the monomolecular and bimqlecular 

expressions has been carried out. Referring to pages 25 and 24, 

for a monomolecular reaction and 

for a bimolecular reaction. 

n1/n2 , the ratio of the number of molecules before and 

after combustion does not change very rouch with temperature. For 

instance, as can be seen from Appendix I (c), for an air fUel 

ratio of about 14.5 (which corresponds to the region of ·maximum Vb), 

n1/n2 is 0.941 for Tf = 2250 °K and is 0.950 for Tf ~ 2600 °K. 

Since Vb is proportional to {n1/n2 for the monozn.olecular and to 

n1/n2 for the bimolecular cases, the variation of Vb due to 

this change of n1/n2 is only 0.58% and 1.17% respectively. Renee, 

as far as the temperature dependent Jm"ts of the above expressions 

are concerned, the term n1/n2 may be safely omi tted. 
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Further 6, H
0 

= Cp (Tf - T1 ) where Cp is an average 

specifie heat for the gas mixture in the range of T1 to Tf. Cp is 

approximately proportional to T0.09 in the region T = 0 to 2600 °K 

0.09 
and Cp may be taken .as proportional to Cpf and hence to Tf 

Over the same range, 1\ may be taken to vary wi th T
0

•
84. Assuming 

that the. diffusion coefficient Dis proportional to ~~~ or ~ 

(Ref. 21) which varies with temperature as T1·67, Dis proportional 

to T1.~7 (Ref. to Appendix II for a discussion on the variation of 

property values wi th temperature). Since ~ 1 is proportional to 

-1 
T1 1 the expression for Vb on the monomolecular basis becomes 

•••• (12) 

and since a1 is the number of fuel molecules per unit volume 

of the initial mixture, a1 is proportioned to T1 -
1, the equation 

for vb for the bimoiecular case takes the form 

[ 

7. 4 -ql R 3 e- E/RT,;. - y~ 
Vb of.. T, Tf ( E) ( rf - Tl ) 3 J ••• (15) 

R is the gas constant and is independant of temperature while E, 

the activation energy is probably temperature dependent. But 

no data i·s available on its variation. In fact the only 

activation energy data available for propane otidation is from 

low temperature slow oxidation studies and the validity of 

using such results in the present calculations is questionable. 

However, in the absence of any ether information, the values of 

E from slow oxidation kinetic etudies are used. Jost (Ref. 12) 

quetes values of act:ivq,tion energy for propane . oxidation in the 

range of 29 to 58 kcals per gm mole. 
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The relative values of Vb max on the monomolecular basis 

were calculated using an activation energy of 40 koala and these 

va~ues were nonnalized so that the calculated and experimental values 

were coincident at T1 =- 505°C (578°K). This value ·Of E was chosen 

to get the best agreement between the predicted and actual values 

of Vb max-

The value of Tf used in equation (12) and (15) to determine 

Vb max was taken from Fig. (25) at the air fuel ratio giving the 

maximum value for Vb in Fig. 15. 

A value of 56 kcals for E was found to gi ve the best pre­

diction for Vb max on the basis of the bimolecular equation (15)~ 

Values of Vb max determined according to equation (12) and (15) are 

show as functions of T1 in Figs. (26) and (27). The experimental 

resulta are also shown for purposes of comparison. 

Fig. (28) shows the deviation of the calcul~ted values of 

Vb max from the experimental mean values expressed as percentages of 

the latter, as a function of T1 • Over the range of initial tempera­

tures covered, the relative maximum burning velo city values are 

predicted to within -6.7% and +5.7% by the monomolecular thermal 

theory {with E =- 40 kcal/gm mole) and to within -6.8% .and +8.7% by 

the bimolecular thermal theory ( wi th E =- 36 kcal/ gm mole) • 

This agreement is very good indeed when i t is borne in 

. mind that the experimen~ y;aluee of Vb are reproducible to only 

+ 5%. It would be possible to fit in the curve predicted on the 

basis of the the:n,n~:· .. theory more closely with the experimental data, 

if one assumes a variable activation energy. 
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It is surprising that some authors like Zeldovich and 

Frank-Kamenetsky (Ref. 2) have expressed doubts as to the applica-

bility of equations (5) and (6) for hydrocarbon flames. The reason 

is perhaps due to the possibility that in auch a reaction the 

kinetics may be of a high order and the controlling step, even· if 

it were a simple monomolecular or bimolecular reaction, might change 

wi th temperature. ln other words, the reaction rate may not vary 

with temperature according to any simple exponential law with a fixed 

value for E, due to the large number of alternative chain reactions, 

whose importance on the overall reaction may be affected by tempera­

' 
ture differently. 

lt will also be recalled that the accuracy of equations 

(5) and (6) is not very good at low values of activation energy 

(Ref. to page 24). This is particularly true for the bimolecular 

case and Semenov (Ref. 13) goes as far as recommendi ng that the latter 

equation be restricted to cases with E ~40 kcals/mole. He de-

monstrates that for values of E smaller than 40 kcals, the thickness 

of the reaction zone becomes large enough to contradict the funda-

mental assumption of the thermal theory that most of the reaction 

takes place very near the flame temperature. 

In spite of these limitations, the agreement between the 

calculated and observed values is quite good, it being slightly 

better with the monomolecular equation . However1 it is not possible 

to draw any conclusion as to whether the actual reaction is con-

trolled by a monomolecular or bimolecular step. 
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Correlation with Diffusion theoryg-

On the basis of the diffusion theory of Tanford and Pease, 

the burning velocity is given qy (Ref. to page 25) 

The ratio of the concentration of the combustible to the combustion 

products at the fl8llle front, c1/c" must be some function ef n1 /n2 

and is therefore almost independant of temperature (Refer to page 56). 

The radical recombination factor Bi may aleo be taken 

as independen t of tempera ture. Therefore 

[ J 
1/'L . t P~ D~ [ 

0 0 ••• (14) 

where L, the number of molecules per unit volume is proportional 

to Îm-l, Tm being the mean reaction zone temperature . 

Tanford (Ref. 16) suggests that the value of the diffusion 

coefficient Di' which changes throughout the reaction zone, be 

replaced by a mean value reckoned at a temperature ~ = k Tf, k being 

about o. 7. Following this suggestion, Dugger (Ref. 19) shows that 

L P· D· o( . 1. (. 
(. 

where D1 r is the relative diffusion coefficient of the ith radlcal 

wi th respect to the others. Thus the expression for Vb becomes 

•••• (15) 
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Tanford suggests (Ref. 16) that for hydrocarbon oxidation, 

the diffusion of hydrogen, hydroxyl and oxygen atoms be considered. 

There may be ether free radicals and a toms which may al.so play an 

important part in the reaction but it is likely that being heavier 

than H atoms, their diffusion coefficients relative to the latter 

would in all probability be small. In fact the relative diffusion 

coefficients for H, OH and 0 atome are roughly in the ratio of 

6o5:1:1 and 

The equilibrium concentrations of H, OH and 0 were 

calculated from thermochemical data. The dissociation of these 

atoms and radicals may be represented by 

and 

H20 ~ 1/2 H2 + OH 

1/2 H?..,.;::: H 

1/2 02 ;;= 0 

P:.>H j-'p .. 2 ------·-
PH20 

l 
> •••••• ( 16) 

.... 0. (17) 

where K refers to the equilibrium constant and p the concen-

tration expressed as a partial pressure. The actual method of 

computing 111' pOH and p
0 

is outlined in Appendix I (b) o 

Figures (26), (27) and (28) show the values of the 

maximum burning velocity predi~ted according to the diffusion theory 

both on the basis of the hydrogen atoms alone and on the basis ef 
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H, OH and 0 concentrations. These values are nor.malized so that 

the predicted Vb max value at 505°0 (er 578°K) corresponds to the 

experimental one. I t is se en tha t for T1 lesa than 505°0 (or Tf 

less than 2412°K), the values predicted on the basis of H atoms 

only and on the basis of H, OH and 0 atoms, are almoet identioal 

whilst for higher values of T1 (or of Tf) the predictions on the 

latter basis are lower than on the former. 

A resume of the predioted values of Vb max end the experi­

mental values is given in Table I. The deviation of the predioted 

values from the experimental values is given as percent ef the 

latter. 

An interesting correlation between leg Vb/Tf and log 1/Tf 

has been observed and as oan be seen fram Figo 291 for a constant 

value of AFR, a straight line relationship exista between these two 

quantities. This stresses the importance of the flsme temperature 

on burning velooity, for a given set of initial conditions. 

A unique relationship between Vb and Tf given by 

fitted with the experimental data to within 7%. In equation 

(25-a), Vb is expressed in ems/seo and Tf in degrees. Kelvin. 

Req is the equivalence ratio i.e. the ratio of the aotual AFR to 

the stoichiometric AFR. The above relationship is valid for 



Initial temperature Experi- Semenev' e mono- Semenov's l;>i- Tanterd and Peaee Tanford and Peaee 
mental molecular molecular ef propane air max. bura- equatien. equation. 6. 5 Pfi + PoH + Po ?JI only. mixture. 
:hg velf:cl ty E = 40 kcalsfinole . E = 56 kcale/mole 

Devia tien Devia tien Dev1ation Devia. t ien 

T1oc T1oK CJlJls/sec ems/sec from ex- CJBJ.e/eec frem ex- cme/sec from ex- CJlJle/sec from ex-
}:erimen tal perlmsltal perim.elltal perllJlen ta1 
value% value% value% value % 

25 298 48.0 46.5 -5.12 44.5 -7.70 50.4 +5.00 50.5 - 4.95 

160 455 87.3 82.8 -5.15 80.9 -7.25 86.4 -1.05 86.1 - 1.58 

255 528 118.2 116.0 -1.86 115.0 -2.71 117.8 -0.34 117.8 -0. 54 . 

305 578 136.4 136.4 0.00 156.4 o.oo 156.4 0.00 156.4 0.00 .1 

-
555 628 153.1 158.8 +5.72 160.1 +4.56 156.5 +2.09 156.9 +2.48 ~ 

. 
414 687 177.0 188.8 +6.66 192.5 +8.76 180.9 +2.20 181.5 +2.43 

515 788 258.0 248.6 +4-45 258.5 +8.57 252.6 -2.27 255.5 -1.15 

~56 829 282.0 276.5 ;;.1. 95 289.4 +2.62 255.7 -9.55 259.5 -8.05 

591 864 517.0 302.0 -4.75 318.4 +0.44 276.2 -12.86 280.9 - 11.40 
.. 

640 915 565.0 340.0 -6.85. 561.8 -0.88 505.5 -17.70 511.5 -14.70 

--- -------- -- -

TABLE I 

Ne~e. The experimental maximum burning velecities were ~en from Figure 15. 
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Equation ( 25-a) can be greatly simplified at the expanse 

~f eame accuracy to give 

T~ 
10 

••• (25-b) 

Th1;1s for T1 = 829°K and AFR = 15.4 (Req = 0.868), Tf = 2512oK 

(Fig. 25) 'and Vb obtained from (25-b) becomes 251.2 ems/sec a19 

against a measured value of·274 ems/sec .(Fig. 19),which gives a . , . . 

deviation of 8.4% from the latter. The agreement is worse at lew 

values of Req and Tf• For ins~ce, for Req = 0.74 and Tr= 2075 °K, 

the value for vb calculated {rom (25-b) i! 50% lewer than the 

experimental value. 
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DISCUSSION 

Thermal versue diffU8ion theories 

A correlation of the burning velocity data over an initial 

temperature range of 0 - 64QOC was obtained with both the thermal 

theory of Semenov and the diffU8ion theory of Tanford and Peaee. 

In the range of preheat temperatures of 0 - 550 °C, the prediction 

by either of the two theories ie equally good. However, for higher 

temperatures, the thermal theory appears to be superior to the 

diffusion theory, as the latter gives low values for burning velocity. 

In the thermal theory, apart from the initial state 

of the reacting mixture, only three quantitiee enter the expression 
\ 

for the burning velocity; the flame temperature, the activation 

energy and the steric factor. The value of activation energy for 

a large number of hydrocarbone ie close to 40 kcale/gm mole. It 

can be eho\m that the value 'of buming velocity predicted on the 

basis of the thermal theory does not vary too greatly for small 

changes in E. 

TABLE II 

T1 = 298 °K . T1 = 578 °K Tl = 864 °K 

E = 54 kcals/mole 44.8 156.4 .515.0 

= 56 n 44.3 156.4 518.4 

= 38 n 43.8 136.4 321.4 
1 

-------~· 

' 
(a) Burning velo city in ams/sec predi cted by Semenovi s bimolecular 

equation. 
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TABLE II (cont1d) 

T1 =. 298 °K T1 = 578 °K T1 = 864. °K 
-·--- ---· ... - ... 

E = 58 koala/mole 46.9 156.4 299.0 

= 40 n 46.4 156.4 502.0 

=42 If 45.9 156.4 505.1 

---
(b) burning veloci ty in ems/sec predicted by Semenov' s mono-

molecular equation. 

Thus in Table li, values of Vb a.re predicted aocording 

to Semenov1 s equations using different values of the activation 

en er gy. The steric factor ( which corresponds to the nonnalizing 

constant) is choeen to give a constant value of Vb at T1 = 578 °~. 

It is seen from Table II that a change of about± 5.6% in E gives a. 

maximum change in Vb of about± 1.1%. 

The steric factor is the probability that molecula.r 

collisions are successful i.e. it depends on whether a definite 

orientation of the molecules is required before a collision is 

sucees sful. In fa ct i t il!! extremely difficul. t to de fine this 

factor for the case of the kinetically complex hydrocarbon ox:ida:tfun and 

as may be expected, no numerical values are available. It is 

therefore taken as the proportionality constant and obte.ined by 

comparing the predicted relative value with the experimental 

value. 

From the foregoing, i t will be seen tha t for a gi ven 

set of initial conditions the thermal theory merely expresses 

the burning velooity ae a function of the fiame temperature. 
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The aame is true of the diffusion theory as well, when it is borne 

in mind that the equilibrium concentration is a function of the 

flame temperature and the relative diffusion coefficient of the 

particular active partiale is a constant as long as the deneity 

of the rest of the gas medium: doee not change too greatly. 

Thus in reali ty both the thermal theory and the diffusion 

theory express the burning veloci ty as functions of the fl.8llle 

temperature. Thie similari ty extende even further due to the fact 

that the equations of heat conduction and diffusion are almost 

identical. Whether one or the ether of the theories explains 

the actual phenomenon may be determined by comparing the predictions 

made by them with experimental data covering all the parameters. 

The effect of initial temperature on the relative buming 

velocity over the range of 0-550 °0 is predicted quite well by 

both the theories. Similar conclusions have been reached at by 

ether workers but at lower temperatures; for instance by Dugger 

for temperatures between -75°0 and 34500 (Ref; 19). 

The influence of inert gases on burning _velocity has 

been studied to throw light on the relative importance of heat 

conduction and diffusion on the flame propagation phenomenon. 

The thermal theories predict tha t 

••••• '(24) 

whilst the diffusion theories predict that 

••••• (25) 
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If 1 t ie possible to meaeure Vb for gas mixtures having all pro­

parties except À and Di the same, then it would be possible to 

eetablieh which of the two theories represente the actual process 

better. 

Thues by replacing helium wi th argon in a hydrocarbon-

oxygen and inert gae mixture the flame ~perature and heat capacity 

per unit volume (i.e. '? Cp) and equilibrium concentration! remain 

fairly constant, while the thermal conductivity and the diffusion 

coefficient differ. Where as a test of this nature may be expected 

to give valuable information, the ambiguity of the problem persiete 

as relia ble values of the thermal conducti vi ty of the gas mixture 

at the flame temperature and the diffusion coefficient of the 

active particlee are not available. 

Studies on inert gas addition covering a series of 

hydrocarbona like methane, acetylene, ethylene are reported by 

Mellish and Linnett (Ref. 25), Freidman (Ref. 24) Simon (Ref. 25) 

and ethers . But no such experimen ts on propane flames have been 

reportedo Resulta given by Mellish and Linnett show that 

vb helium as deter.mined experimentally lies between the values 
vb argon 
deter.mined by the thermal theory and the diffusion theOI-y. 

The diffusion coefficients were obtained from coneider-

ations of the kinetic theory of gases and the diffusion coefficient 

of the i th component into the gas mixture was estimated from 

L _Nk 
k. !\., k 

•• 0 0 0 0 0 ( 26) 

where Nk is the mole fraction of the k th componen t and Di k 

the diffusion coefficient of the 1th into the kth substance. 
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The thermal con duc ti vi ty of the mixture was calcula ted from 

\ - "' N''"\ /'- - t k. 1'\k 
•••• (27) 

The index 1.5 given as an average value by Freidman 

(Rer. 24). on the basie of empirical correlations of some experi­

mental values is hard to justify. 

Tald.ng L. Nk. >- k 
k 

v 
the value of ( ~ helium) based on the thermal theory for a gas 

Vb argon , 
mixture containing 10% ~ethane, 71% inert gas (by volume) and the 

rest oxygen beoomes 2.00 instead of 2.65 obtained by using equation 

(27). In fact, Bartholome (Ref. 27) using theoretical thermal 

conductivities at the flame temperature obtained a value of 1.32 

for this ratio. By way of comparison Vb helium was equal to 
vb argon 

1. 59 experimentally and lo 52 on the basie of the diffusion theory 

( taking into accomt H, OH 8.1ld 0 a toms). 

In the absence of relia ble da ta of the property values 

at the temperature of and applicable to conditions similar to those 

existing in the reaction zone, it is not possible to use the 

resulte of the etudies made with inert gases to determine the relative 

importance of the two theories of flame propagation. 

The pressure dependance of burning veloci ty is considered 

by some as the cruicial test between the two schemes of flame 

propagation. Unfortunately, the experimental results on the effect 

of pressure on bur.ning velocity are not too reliable. The bur.ner 

methode of measurement suffer from the fact that the thickness of 

the flame increases at low pressures and hence the location of the 
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flame surface becomes more arbitrary that at atmospheric or higher 
. 

pressures. For the same rea:ron mtd also due to increased heat 

losses, other methode like the soap bubble method also suffer. 

The dependence of burning veloci ty on pressure may be 

expressed as 

• • •••• (28) 

In the Semenov equations (Eq. 5 and 6), the only pressure dependent 

tenns are ~ and ~ 1 both of which are directly proportional to P. 

Thus for the monomolecular case, 

OY 
- Y:t 

P, 

and for the bimolecular case 

or independant of pressure. 

The tenns Pi, Di and L of the Tanford and Pease equation (Eq. 7 ) 

are dependent on pressure. Di ie inversely and L is directly 

proportion al to pressure and hence Di . L is independen t of 

pressure. Therefore, the only pressure dependent tenn is Pp 

the equilibrium partial pressure of the ith component. This would 

be approximately ~versely proportional to vr:P, assuming that the 

free radicale and atoms are formed from binary dissociatione. Thus 

Vb is proportional to p-0• 25 according _ to the diffusion theory 

of Tanford and Pease. 

The experimental evidence on the variation of buming 

velocity with pressure is very confusing. Values of n (Eq. 28) 

in the range of 0 to 0.49 have been quoted in the literature 

(Refs. 1, 2 and 25) for several hydrocarbon names. Egerton and 
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Sen (Ref. 28) using the flat flame method for burning velocity 

measurement found n to be 0.49 for methane air and 0.30 for 

propane air flames. 

From the foregoing, i t ie se en tha t the importance of 

the thermal theory over the diffusion theory or vice versa cannot 

be established conclueively. It is seen that the effect of eome 

of the parameters ie predicted fairly well with either scheme, 

while both fail to explain other experimental facts. The fact that 

both the theories have been obtained by making eome very bold appro-

ximations makes them liable to considerable deviations from resulte 

of experimen t3. 

As to the importance of diffusion itself, very useful 

infomation may be obtained by studies on hydrocarbons containing 

deuterium in place of hydrogen where by all the properties except 

the diffusion coefficient would be the same. However, some compli-

cations may be introduced due to the influence of deuterium on the 

chemical reaction. The dissociation equilibrium is aleo liable to 

be affected. 

Effect of Turbulence 

'When the now in the burner 

Ou~e'( tube is turbulent, the flame 

~ bou>" oto.. .,.Y surface assumes a wrinkled 

appearence and the random 
Inne v-

fluctua ti on of the flame 

is responsible for giving the 

so called brush in the name 

picture. In fact the inner 

Fig. 30 
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and outer boundaries of the brush (Fig. 50) correspond to the limite 

of fluctuation of the flame. The extent to which the l!Ulooth 

surface of a laminar flame breaks up depends on the degree of 

turbulence. 

Laminar flow in pipes is not usually m.aintained above 

Re = 2000. Between Re = 2000 and 5000, the transition region 

extende and beyond Re = about 5000, the flow is usually turbulent. 

However, if the pipe ie !!llllooth and the flow at entry uniform and there 

are no obstructions in the flow, laminar flow may be bad for Re'/ 2000 

and turbulence m.ay not set in till much later than Re = 5000. 

For the investigations presently reported, the Reynolds 

number was in the range of 2000 to 8000. However, as the flow at 

entry into the tube was qui te uniform - due to a contracting cone 

which was preceeded by meshes to !!lllloothen the flow, turbulence might 

have set in only towards the top end of the range. But owing to 

the fact that the flow was in the transition region over a good 

portion of the test range the results may have suffered from effects 

of sudden changes in the flow pattern. Referring to Fig. 19, one 

may see that this is the case . Whilst it has been possible to 

separate the curves for the different Reynolde numbers, the 

dependance on the latter appears to be unsystemàtic. This can ' be 

attributed to turbulence which is unpredictable for flow in the 

transition region . 

It may be felt that the measurements of burning velocity 

may be in doubt due to the ambiguity of the flow nature. · The 

chances of this appear to be small due to two reasons . Firstly, 
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as can be seen from the instantaneous schlieren pictures of 

turbulent flames (Ref. 1), the base of the flame cone is not 

wrinkled or broken up even for Re = 10,000. As the major cantri-

bution to the flame surface area is from the baee, it is safe 

to assume that turbulence effects may not throw the area into error 

very much. Secondly, the area used for deter.mining Vb was that 
Il 

corresponding to the outer edge of the innér cone and Damkohler 

(Ref. 1) bas shown that the burning velocity deter.mined thus (for a 

turbulent flame) could be identified as the laminar burnin~ velocity. 

Bollinger and Williams (Ref. 29) point out that this 
Il 

conclusion of Damkohler may only be fortuitous. Nevertheless, the 

maximtnn burning velocity, at room temperature, obtained during the 

present investigations, is 48.5 ems/sec which compares favourably 

wi th 45 ems/sec for laminar flames, given by Bollinger and Williams. 

For the tests at the room tempera ture, the Reynolds ntnnber is higher 

than for the tests at higher temperatures. Thus, apart from 

flame created turbulence, which may be expected to be more serious 

at the elevated temperatures, turbulence is likely to be 

felt more at the low temperature end. Even he re the agreement of 

the values of Vb obtained by the author with those obtained from 

laminàr flame etudies is quite good. 

The turbulence generated by the flame can be explained 

as follows. The thermal expansion of the combustion products 

introduces a velocity component no~al to the flame front at every 

point on it. This expansion is responsible for the conical flame 

and the flow pattern is as shown in Fig. 31. 'Whilst for the case 

of laminar flow, the flow pattern remains orderly even after 



- 78-

Fig. 51. 

combustion, in the case of 

turbulent flow, due to the 

fluctuation of the elements 

of the flame, the orienta­

tion of the increase of 

velo city (due to combustion) 

changes in a random faehion. 

Thus on the original stream 

turbulence is euperposed 

the flame created turbulence. 

The intensity of the flame created turbulence would 

in some way be oonnected to the pressure drop across the flame 

which in turn is approximately proportional to the square of 

the burning velo city. (Actually A P = ~ 1 Vb2 ( '?, / ~ f - 1) • 

Thus at high values of the initial temperature, where Vb is 

high, the flame generated turbulence is more intense. This was 

indeed the case, for in some of the tests at high values of T1 , 

there was a slight roaring noise associated with the flame. 

However, due to the fa ct tha t the stream flow turbulence decreased 

as T1 increased, the tendency for excessive turbulence was 

partly compensated. 

From the foregoing, it would appear that the resulta 

of bur.ning velocity studies over the whole range of initial 

temperatures may be affected by turbulence to more or less the 

eame extent. Thus the 'W'lsystematic scatter which is attributa.ble 

to turbulence remains the srune at about ± 5%. 
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PART II 

GENERAL CONSIDERATIONS OF STABILITY OF BURNER FLAMES 

The stabili ty of the flame in a moving stre8lll of oom-

bustible gases is dependent on the transport of heat and of active 

centres of reaction to the zone of burning. This transport coul.d 

be by hea t conduction and diffusion taking place in the direction 

of or against that of the flow, being determined by the temperature 

gradient and the concentration gradient respectively. lrlhen 

quenching of the flame with a 'cold wall' takes place, the tempera-

ture field is affected by the cooling occurring at the wall. In 

addition, there are aerodynamic effects of the wall on the flow 

field. Further adsorption of ltQtive free radicals and atoms 

may take place at the wall which will also affect the f~ 
' . 

characteristics. In general, the solid boundaries in flames acting 

as sinks of heat and possibly of atoms and free radicals determine 

the stabili ty of flame propaga tian o 

The burning velocity over the surface of the Bunsen 

burner flame is not uniform and due to the cooling effect of the 

rim there is a dead space at the humer tube wall. 

This fact has been established experimentally by Lewis and 

von Elbe (Ref. 1) who used a particle trace method with a rectangular 

burner to study the burning velocity variations. Fig. 52 shows 

qualitatively a variation of this nature. 

In addition to the dead space at the wall, there is a dead 

space above the rim of the burner tube also . Wohl , Kapp and Gazley 

(Ref. 32) have measured this quanti ty and report i ts magnitude to 

be between 0.0075" and Oo025" for some butane air flames. The 
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actual value depends on the relative magnitudes of the gas velocity 

and the burning velocity. 

Lewis and von Elbe explain the existence of this dead 

space as follows. Vhen the flame surface is close to the rim, 

(position A in Fig. 33), the cooling effect of the rim is so 

serious that the burning velocity decreases and a condition is 

reached where qy the gas velocity exceeds the for.mer everywhere. 

Thus the gas flow drives the flame back to some position represented 

b,y B where the gas velocity and burning velocity are equal at 

lea.st .at one point P. {Actually this is true over the circumference 

of the circle of radius OP). When the position of the flame 

corresponds to c, the gas velocity is less than the burning velocity 

and the flame moves upstream into some new position of equilibrium 

B. The actual location of the flame surface B depends on the 

magnitude of the gas velo city. 
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The abili ty of the flame to find a new position of equi­

librium is by no means unlimited for if !Vb- Vgl exceeds a certain 

value, the flame will f~ash back for Vb )'V g' and will blow off for 

Since for a given set of initial conditions, the burning 

velocity is a function of air fuel ratio, the flash back and blow 

off limits are dependent on the air fuel ratioin addition to the 

gas velocity. 

-
ù 
() 

v 
> 

Dtsfa.nc~ ,f,o,., s:l,t!aWI 
fJ o v n r) 0 ,. y 

Fig. 54. 

an assumption. 

Assuming Poiseuille flow, 

the gas velocity at tne 

boundary will have a linear 

variation. This condition 

is quite closely approxi-

mated for laminar flow. 

Even for turbulent now, 

the existence of a la.minar 

sublayer justifies such 

Thus in Fig. 34, the lines 1 to 5 represent the gas 

velocity and A, B and C the burning velocity. The horizontal 

scale is greatly exaggerated. Gas velocity variations corres-

ponding to 1 and 3 determine the limits of stability of the name. 

A velocity variation given b,y 4 indicates flash back as the burning 

velocity exceeds the gas velocity over a portion of the flame 

front. Similarly, case 5 refere to blow off as the gas velocity 

is larger than the burning velocity at all points of the flame 

front. 
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The stability limits are therefore intimately connected 

with the velocity variation in the boundary layer. v, the velocity 

in the boundary layer may be expressed as 

v= gy ••••••• (29) 

where g is the velocity gradient and y the distance of the element 

from the wall . Now 

4 Vg 
g=-

R 
••••• (30) 

for fully developed laminar flow, where Vg is the mean gas velocity 

and R the tube radius. For cases where the flow i s not ful~y 

developed (i.e. the effective mixing length is less than about 0.03 
1 

Re • d) Wilson and Hawkins give the value of g as 

where rr._ 

cP(fl) = 

••••• ( 31) 

(Vg is the maximum gas velocity) and 

1 +- t( 

2 - [ 4- - !::!_ J Yz. 
l +'7 

The quantity '1. is given a s a function of. ~ = R ~ Re The quantity cp 
approaches a value of 2 as L approaches 0.03 Re • d. Appendix IV 

shows the rela tionshi ps between ~ 1 V( and ~ • 

For fully developed turbulent flow g becomes 

g= f·RQ. · V~ 

4 R 

where f is the friction factor. 

0. 0 0 ( 32) 
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For partially developed turbulent flow and for flow in 

the transition region, the estimation of the wall velocity gradient 

becomes very difficult. In fact, in the transition region (2000 

~ Re <. 8000) ; f can change by as much as a factor of 4 and 

hence can vary the value of g in the same proportion. 

Although in the literature, extensive correlations of 

flame stability data with wall velocity gradient have been presented, 

experimenta by Lewis and von Elbe on inverted flames stabilized 

by a coaxial wire in the burner seem to indicate that parameters 

ether than the velocity gradient are affecting the problem. 

Longwell (Ref. 54) reports having found a reasonably good corre­

lation between the air fuel ratio at blow off and the ratio of the 

stabilizer radius to the gas velocity, for experiments covering 

a wide range of stabilizer shapes and sizes. On this premise, 

one may expect a reasonably good correlation between the air fuel 

ratio and gas velocity at blow off for flames stabilized on the 

humer rim. 
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EXPERIMENTAL TECHNIQUE AND RESULTS 

The technique used to determine the blow off limits was 

quite simple. At a chosen value of the initial temperature of the 

propane air mixture, the flame was initiated. The propane flow was 

then progressively reduced till the flame just blew off. The flow 

rate of propane corresponding to the point of blow off was then 

recorded. Several gas flow rates in the burner tube were selected 

at a given temperature and the air fuel ratio at blow off was de­

termined at each of these rates of flow. 

Wh en the propane fl<?,w was changed wi th a fixed air flow, 

the preheat temperature of the gas mixture was liable to change. 

But as the propane flow formed a small fraction of the total gas 

flow, a small change in the tonner would cause an insignificant 

ch~ge in the temperature. In fact, the galvanometer indicator 

used with the thermocouples in the gas stream, showed no noticeable 

change. 

The determination of the blow off data extended over a 

series of burner lengths varying f:rom L.m = 12. 44" to 20.31" for a l" 

dia.meter burner. 

di8.IIleter. 

Some data was obtained for a burner 0 . 652" in 

A typical set of blow off data is shown in Fig. 35 where 

the air fUel ratio at blow off is plotted against the mean gas 

velocity, with the initial temperature as a parameter. These 

data refer to an effective burner length of 1S.34". Data similar 

to that in Fig. 35 for different burner lengths have been inter­

polated and replotted in Fig. 36. The latter is substantially 

similar to Fig. 35 except that the results of tests at several 
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values of Lm have been plotted on the same basis for purposes of 

comparison. 

It may be observed that the data corresponding to the 

different tube lengths at any given temperature can be approxi.ma.ted 

by a single line and the maximum deviation is about + 5. 7%. 

On Fig. 36 is also shown the results of blow off experi-

men ts on the 0. 65211 diameter burner. The mean gas velo city at 

blow off for the salne temperatures is higher wi th the Bl!laller burner 

than with the larger. This is in general agreement with the results 

of von Elbe and Mentser on hydrogen flames (Ref. 1) who report that 

for a given value of the initial concentration of hydrogen in the 

mixture, the critical boundary velocity gradient at blow off is 

higher for a smaller burner than for a larger one. As can be 

seen from equations 30, 31 and 32, the boundary velocity gradient 
\:o 

is directly proportional~the mean gas velocity Vg and hence the 

agreement between the two sets of resul ts. 

The detennination of the flash bac~ data has been very 

li.mited. At low values of T11 the flash back occurred at very small 

values of the total gas flow and hence only a few points of flash 

back could be established. At the higher temperatures, however, 

flash ba.ck set in much earlier but the detenninations were not 

very reproducible. The reason for this was that the rate of decrease 

of propane flow seemed to have an influence on when flash back 

set in. Since the propane flow regulation was manual, the rate of 

decrease of flow rate was rather arbitrary. 

Fig. 37 shows the gas velocity plotted against air fuel 

ratio for T1 = 515 °C. All the data obtained from burning velocity 
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and stabili ty tests for this temperature have been included in this 

figure. The nash ba.ck line has been established as the extreme 

limit of the points on the low gas velocity side. The points on 

the blow off line are all experimental ones. The two lines give 

the extreme limi ts and .correspond to the most favourable candi tians. 

The region of partly lifted but stable flame is also shawn in the 

figure . 

Fig. 38 is identical to Fig. 37 except that the former 

refera to an initial temperature 25°0. The flash back aurve was 

recalculated from the data of Harris, Grummer, von Elbe and Lewis 

(Ref. 35) and the points obtained during the present investigations 

agree quite well with this curve. 

\ 
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DISCUSSION 

A correlation using the boundary velocity gradient as a 

variable was not attempted. Since the Reynolds number was in the 

transition region and the burner length insufficient for the 

establishment of a fully developed flow, the estimation of the 

velocity gradient would have been very uncertain. Further, the 

physical significance of this quantity in relation to the problem 

of flame propagation is not very clear. In so far as it is a para­

mater describing the flow pattern, a connection with stability limita 

of the burner may exist. Due to the special flow conditions met 

with in the present investigations, it was thought wiser to use 

the mean gas velocity as the parameter to correlate the stability 

data rather than the velocity gradient obtained on doubtful premises. 

The mixing of the propane and air stream was investigated 

in a qualitative way by observing the smoke pattern of the flow. 

Hydrochloric acid vapour was injected into the air stream and 

ammonia vapour through the propane jet and the mixing pattern was 

observed by photographing the smoke at the burner rim. Fig. 59 

shows some of the patterns obtained. The mixing process seems 

to be quite unifor.m. Hence the scatter in the blow off data 

cannot be attributed to differences in the degree of mixing. 

The sa.me observation as was made on the influence of 

the mixing length on the burning velo city is arri ved at even for 

the problem of burner stability. Over the range of tube lengthe 

studied, (lm between 12. 44" and 20.5111 ) 1 the random variati on of 

the mean gas velocity at blow off, for a given value of air fuel 

ratio, is about ± 6%. It would appear that a good part of this 
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variation is inherent in the very technique used. A few percent 

of the errer can easily be accounted for by the non-reproducibility 

of the actual point of blow off which was obtained by trial. Some 

inertia affects were noticed in the valves, even when great caution 

was exercised over the rate of reduction of the propane flow. Thus 

the propane flow would become smaller than that which corresponded 

to the actual point of blow off. 

Only data on two sizes of burners (d = 1.00" and 0.652") 

is reported and although some tests were done on a burner of 0.40" 

diameter, the results were not useful for purposes of comparison. 

The air fuel ratio values obtained were rouch lower (i.e. mixtures 

were very fuel rich) than for the 1" and 0.652" diameter burners. 

Higher values of AFR could have been obtained by using smaller gas 
-~ 

;-
flows but this was inconvenient due to two reasons . Firstly, 

the air flow range was too small to be measured accurately even 

with the low range orifice and secondly, the heat transfer in the 

heat exchanger was poor due to low velocities. However, the 

trend of the change in the gas velocity at blow off when the diameter 

was changed from 1" to 0.652" is simila.r to that observed by other 

workers. 
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PART III 

CONCLUSIONS 

An exteneive investigation into the problem of flame 

propagation at high. temperatures has been made, using the burning 

velocity as the characteristic of the phenomenon. A satisfactory 

technique of measurement ensuring a fair amount of reproducibili ty 

was developed. The resulta of the measurements at the low tempera­

tures (0 to 500 °C) were in reasonably good agreement with similar 

work done by other workers ueing a slightly different technique. 

This would eubstantiate the validity of the results obtained by 

the author in the temperature region of 500 - 640 °C, data on 'Which 

was not available in the literature. 

The burning velocity for propane air mixtures shows about 

a sevenfold increase when the initial temperature ie increased from 

room temperature to 640 °C. A s:imilar increase in burning veloci ty 

wi th temperature may be expected for flame propagation in other 

hydrocarbon mixtures all!lo . The gain in the burning veloci ty is 

greatest for mixtures slightly richer in fuel than stoichiometric. 

Experimente on the effect of changes in the burner length 

and diameter showed, that within the limita of the technique 

used, the burning velocity is independant of these variables. 

An apparent contradiction on the effect of residence time on the 

twin phenomena of flBllle propagation and spontaneous ignition 

has been satisfactorily explained and it is shown that the reason 

for this is the exponential dependance of reaction rate on 

temperature. On this prem.ise it has been demonstrated that for 

propane air mixtures and perht>.ps for many other hydrocarbon air 
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mixtures too, there will be a zone of initial temperatures around 

750 °C ·where flame propagation as encountered in burner flame~ 

may exist, but where the preflame reactions will have a bearing 

on the pro blem. In fact if the burner lengths are increased 

sufficiently, without incurring serious heat lasses, the residence 

time will be long enough for the flame to stabilize inside the tube. 

Unfortunately, the limitations imposed by the experimental apparatu~ 

prevented close study of this very interesting transition region. 

A critical analysis of the theories of flame propagation 

was made and relative values of the maximum buming velo city for 

propane air mixtures, over a range of initial temperatures, were 

calcula. ted on the ba sis of the simplified thennal and diffusion 

theories. The affect of initial temperature was predicted by 

bath these schemas quite well, the agreement being ~lightly better 

with the thennal one. With a view to judging which was the more 

probable controlling process = heat conduction or diffusion -, a 
· ' 

review of the literature on the affects of such factors ae inert 

gas addition and pressure on the burning velocity was made. Lack 

of reliable property values in one case and reliable experimental 

data in the other made i t impossible to assess the relative im-

portance of the two processes. 

It has been emphasized that both theories connect the 
1 

burning velocity with tlame temperature in somewhat different ways 
1 

and that as long as accurate kinetic and thermochemical data are 

not available, a clear decision as to which of the two theories 

corresponds to the actual case cannat be made. Under the 

circumstances it appears advisable to accept both the theories and 



use the more conver:ient one in any given problem. In the author' s 

opinion the thermal theory is the easier of the two to use as i t 

uses fewer and perhaps better established kinetic and thermo­

chemical data. This (the thermal theory) may be used for many 

instances of flame propagation including hydrocarbon air systems 

and in cases like carbon monoxide combustion where it breaks 

down, a diffusion scheme may be applied. 

The influence of turbulence on the measurements of 

burning velocity bas been analyzed in a general and qualitative 

fashion and it is felt that the values of burning velocity obtained 

are quite close to those that would be obtained for laminar flame 

propagation. 

Significant changes in burning velocity have been observed 

by Bula for relatively small changes in the oxygen content of air. 

The percentage variation, relative to the value for standard air, 

for a given enrichment or depletion of oxygen is more at the 

lower temperatures than at the higher ones . The reason for this 

may be the increased dissociation taking place in flames of gas 

mixtures at high initial temperatures. In other words 1 a given 

amount of oxygen enrichment would give a larger increase in the 

flame temperature for lower values of initial temperature than 

for higher values of the latter. A similar argument may be 

applied for the case of oxygen depletion. 

Fairly extensive information on blow off limits was 

obtained for initial mixture temperatures in the range of 0 - 640°C. 

Effects of tube length and diameter were also investigated but 

the reproduci bili ty of the technique used was such as to be 



insensitive to these secondary parameters. However, for all tube 

lengths and diameters, it was seen tbat the mean gas velocity at 

blow off, wi th a given value of the air fuel ratio, increased with 

temperatureo Rather limited data on nash back limita also 

indicated the same behaviour Leo the nash back limit moved into 

the region of higher gas velocity. Further the stability range, 

measured by the difference in gas veloci ties at blow off and nash 

backi increased 'With the initial temperatureo The extent of this 

increase depended on the air fuel ratioo 
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RECOMMENDATIONS FOR FUTURE 'WORK 

The phenomenon of flame propagation is composed of so many 

different fundamental processes, knowledge on each of which is far 

from complete, that the scope of further research work is indeed 

unlimited. In fact, considerable work on some or all of these 

processes is being carried out by several workers in the field, 

which should help in the fonnulation of a ·clear pi.cture of the whole 

problemo Recommandations for future work may be split into two 
; 

sections. The first will cover those experimenta that can be 

conducted using the experimental apparatus and technique used by 

the author, with suitable improvements and alterations, reslàts 

from which would throw more light on certain aspects of the 

mechanism of name propagationo The second section will deal with 

the problem in a general way and work which,ih the author 1 s opinion, 

would help in formulating the ftmdamental concepts of the problem 

will be described. 

Section 1 

In order to complete the picture of flame propagation at 

elevated temperatures, an investigation of the transition region 

between rim stabilized burner flames and names maintained by 

spontaneous ignition is very desirable. To accomplish this, it 

is necessary to attain p:reheat temperatures in the range of 700 -

800 °C. lt may be possible to push the upper limit of about 700 °C 

of the apparatus to some extent. However, indirect heating to 

temperatures much higher than this is awkward. 
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It may be possible to use direct electrical heating to reach 

bigher temperatures. Another possibility is internal heating through 

combustion of sorne fuel (say propane) and tben making up the oxygen 

content to that of standard air. This is feasible as the amount of 

air used and hence the oxygen that needs to be injected is quite small. 

For instance the maximum air flow used in the experi.men ts descri bed 

in this thesis was about 0.007 lbs/sec. To o btain a tempera ture 

of 900 °0 by burning fuel in the air, the oxygen content gets de-

pleted to about 15% by volume. In arder to make this up to the 

normal value of 21%, about 2.2 lbs/hour of oxygen is required. 

Thus a standard oxygen cylinder containing about 220 cft of free 

oxygen would last for about eight hours. 

However, if a scheme of internal heating through combustion 

were adopted, it will be necessary to determine the effect of the 

presence of combustion products notably carbon dioxide and water 

vapour on the phenomenon of flame propagation. The experimental set 

up used by the author is well suited for such work on additives. 

Additional data on the effect of enriching t}fe oxygen and 

nitrogen content of the air stream on burning velocity at high 

temperature is also desirable. This would mean an extension of the 

measurements over a wider range of 0a values. 
02 + N2 

The effect of atmospheric oxygen on humer flames is worthy 

of some investigation . Al though the entrairunent of a.ir and the 

consequent increase of oxygen may not be serious at low temperatures, 

such affects are liable to get accentuated at higher temperatures. A 

study of this nature may be accomplished by havi ng a blanket of 

nitrogen or any ether inert gas around the flame. It will be 
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necessa~ to heat the gas (nitrogen or the inert gas) to the tempera-

ture of the premixed gases in the test section to eliminate heat 

losses from: the latter. 

Flame propagation at elevated temperatures taking turbulence 

as a systemàtic variable can be studied quite conveniently using the 

existing set up and by ma.king provision for inserting turbulence 

grids at the burner tube inlet. Al though estima ti on of the original 

turbulence (without any grid) is difficult, the resulta obtained by 

introducing a series of grids would facilitate extrapolation and hence 

the determina ti on of the laminar burning velo city o Measurement of 

the .flame crea ted turbulence would be di ffi cult but i t may be 

possible to establish an ar bi trary scale by measuring the intensi ty 

of the roaring sound associated with turbulent flames. 

Another very important phase of work tha t can be carried 

out using the present technique is the ex~ension of burning velocity 

measurements at high temperatures to other hydrocarbon fl.ames. It 

may be possible to observe similarities in behaviour of members . . ' 

belonging to a particular series (i.e. the paraffina, the aromatics 

etc). Alternatively a correlation of the flame characteristics 

of the hydrocarbons on the basis of the molecular weight and the 

number of carbon atoms may be found. 

These etudies could also cover such technical fuels 

as aviation kerosene and other lighter motor fuels. On the e.xperi-

mental aide suitable vapourizers would be needed . It may be 

·necessary to study the effect of heat only on such complex fuels 

to ascertain the degree of cracking of the heavy moleculeso No 

thought was given to this aspect in the present set of experimenta 
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on propane air flames. The problem would, of course, be more 

serious for the heavier hydrocarbons. 

Such etudies on the technical fue~s may enable linking in 

a qualitative and quantitative way the data obtained from flame 

propagation experimenta with the actual combustion process in an 

internal combustion engine or in a gas turbine angine. 

Section 2 

As far as the question of measuring the burning veloci ty 

is concerned, a more direct and reliable method than the area methods 

would be very valuable . Some prellminary work done by the author 

showed that a spectroscopie tracer may be used for this purpose. 

If a gas which emits or absorbs radiation strongiy can be introduced 

into the air-fuel stream, then the time interval between the 

spectroscopie excitations at two chosen normal sections of the flow 

would gi ve a direct measure of the velo city. In this way the 

velocity of the unburnt gases passing through the flame front may 

be measured. 

The gas tracer must have two properties. Firstly it must 

have a density approximately equal to the mean density of the fuel 

air mixture and secondly it must not affect the reaction mechanism 

in any way. Ni tric oxide has a den si ty very near tha t of air and 

emits and absorba radiations in the ultraviolet region . However, 

it is known to inhibit several organic reactions . In those 

cases where it does not, nitric oxide would be a very good tracer. 

For this method to be used, a suitable electronic timing 

deviee, operating in conjunction with photo-multipliera, needs to 

be developed. A satisfactory triggering deviee to inject the 
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tracer into the air stream would also be required. The electronic 

timer should be such that when the tracer passes through a particular 

section in the gas stream (where a slit and a photo tube would be 

mounted), the timing would start and when the tracer passes through 

another chosen section (with another slit and photo tube) the ~iming 

would stop. 

A rectangular burner may have to be used, in this method, 

to overcome the two dimensional flow profile of a conical flame. 

This method of measuring the burning velo city would also enable the 

effect of stationary cold walls or other obstacles to be deter.mined 

quantitatively. 

Studies on the kinetics of hydrocarbon oxidation at high 

temperatures is another phase of work which is very necessary, as 

the growth of reaction for.ms the very basis of flame propagation. 

In recent years, considerable work on high temperature spontaneous 

ignition of various hydrocarbons has been done. This work usually 

covers two aspects, the ignitJon delay measurements and spectroscopie 

etudies of preflame kinetics. Whilst the former has helped in 

establishing the overall activation energy of oxidation mechanisms, 

the latter has not yet yielded much information. Intelligent use 

of; simple sampling methods may give useful information. On the 

other band, spectroscopie studies may help in establishing reliable 

ther.mochemical data applicable for conditions existing in flames. 

Better ther.moohemical data and undisputed property values will be 

invaluable in predicting quantities like bur.ning velooity from 

theoretical considerations . 
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Use of radioactive isotopes has prospects of enabling a 

definite decision in the controversy of the relative importance of 

heat conduction and Qiffusion on the phenomenon of flame propagation. 

Substitution of deuterium for hydrogen would change the diffusion 

coefficients of active particles like hydrogen atom and hydroxyl 

radical, without altering ether properties too much. Besides 

radioactive tracers may also enable a direct measurement of the 

burning velocity. The focussing of the radiations may not be very 

simpleo Further the radioactive species may influence the progress 

of reaction for which allowance will have to be made. 
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APPENDIX I 

a) Calculation of the adiabatic flame temperature 

The equilibrium concentrations and the adiabatic flame 

temperature were calculated by a systematic iterative process. 

The method was suggested b.Y Lin (Refo 57) and is outlined here 

briefly. 

The reaction between propane and air can be represented 

by 

x (C5Hg) + 5 Oa + l8 o8 Na-+ A(COa) + B(CO) + C(HaO) + D(Ha) 

+ E(02 ) + F(NO) + G(N2 ) ••• (55) 

where A, B, C ••• • • G and x refer to the number of moles of the 

various substances . When x = 1, i.e. the amount of propane in 

the initial mixture is one mole, the L.H.S. of the equation corresponds 

to stoichiometric conditions. 

In arder to simplify the calculations, formation of hydrogen 

atoms, oxygen atome and OH radicale was neglected. For flame 

temperatures less than 2600 °K, the formation of these atome 

and radicale is small.o Whilst their concentrations may be suffi­

oient to affect the reaction, their effect on the flame temperature 

(in the form of energy lost through their fonnation) is of a 

secondary nature o 

Considering the dissociation of 002 and H20 and the formation 

of NO, we have 

2 002 ~!': 2 CO + 02 

Ha + 002 ~ H20 + CO 

N2 + 02 ~· 2 NO 

where the K 1 s are the equilibrium constants. 

(54) 
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If the equilibrium concentrations refer to som~ constant P, 

the following resulte are obtained from (54) 

B
2 

E p 
Kl ::. 

7 (-) 
M 

K2 ::. B • C (55) 
A.D 

K5 
p.2 

::. 

E • G 

where M = A+ B + C + D + E + F + G • 

Equating the number of carbon, hydrogen, oxygen and ni trogen a toms 

on both sides of equation (55) 

5X=A+B 

8 X ::. 2(C + D) 
(56) 

10 = 2A + B + C + 2E + F 

18.8 = F/2 + G 

Lin (Ref. 57) proposes using r = E , i.e. the mole 
E M 

fraction of free oxygen at the name temperature, as an independant 

variable and solves the sets of equations (55) and (56) simulta-

neously to gat 

A = 
J/4~(1-t-ool.)[lo- (4E+F)j ~ 

eX.. (..l< 4 + ol.) + 3/4 (.1 + -l)(/< t.-+ ,o~.) 

B = 
314 Kz. (.1+«) [10- (2E +1= )] 1<:2.. A 

= ..,( ( l<l. + ~) + l/4 (.• +col) (.k'z, + 2. ol) oJ... 

c = 
(K 2 -t ...() ~ [ 1 o- ( 2. E- + 1=) J 
~ C..., z. + « ) + a; 4 ( t + « ) (. i\ L + 2. «) 



D = 

F = 

G = 
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( K2 +- ~) [ 10 - (. z. E -t- F)] C. 
: 

ollKz. +cl) t -'/4 (1 + Ooi.) (k.1 + 2.-l) ~ 

k 1<.3 E / +- 3oo ~ E - ki lE 

4 

tB ·8 - Flz 

and E is obtained from 

where 

(57) 

P, the pressure at the flame front (expressed in atmospheres) was 

taken as uni ty for the present calculations. 

From considerations of heat balance, we havelheat available 

by combustion + heat content in the gas mixture before combustion 

above some datum T
0 

= ~ Ai (Hf i- H0 1) where Ai= A, B, c ... G. 

The heat available by combustion may be obtained as the difference 

between the heat of complete combustion of propane to C02 and H20 

and the heat lost through formation of co, H2 and NO. 

Complete combustion of propane (at 25°C) libe~tes 877,500 

Btu/lb mole and heat losses associated with the formation of CO, H2 

and NO are 122,000 Btu/lb mole, 104,000 Btu/lb mole and 581 746 

Btu/lb mole respectively. Thus we have 

(S77,500 x- 122,000 B- 1041000 D- 58,746 F) 
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This equation is approximate to the extent that the heat of propane 

between T1 and T0 ( taken as 25 °C) has been neglected. This was 

done to simplify the calculations. Further1 no allowance was made 

for the heat lesees occurring during combustion, (i.e. conduction 

to the walls, radiation from the flame etc). 

The steps involved in esta.blishing Tf as a function of T1 

and AFR were as follows: 

(1) A~sume a value for Tf and obtain the appropriate equilibrium 

consta.n ts. 

(2) Assign a value for rE, obtain ol and calculate the Ais bearing 

in mind the checks that M = % A = L and that x = 1/3 (A + B) 
i i rE 

= 1/4 (C + D). 

(3) Calculate fAf (Hf 1 - H
0 1) 

(4) Calculate bH
0 

= 8771 500 x -122,000 B- 1041 000 D- 381 746 F. 

(5) Determine ( ~ ~ (Hf 1 - H0 i) - tl H0 ) which is equs.l to 
i 

5 (H1 o
2 

- H0 o
2

) + 18.8 (H1 Na- H0 Na). By referring to tempera-

ture. en'thalpy tables or to a diagram relating the latter flmction 

wi th T1 , obtain T1 • 

(6) Repeat the oaloulations for a range of rE yalues at the partieular 

tempera ture Tf. 

(7) Repeat auch calculations for a series of Tf values. 

Resulta of auch calculations are shown in Fig. 40 where 

T1 is plotted against lFR wi th Tf as a parsmeter. Data from this 

figure has been replotted in Fig;. 41 and 42 and from the latter, 

Fig. 25 was derived. 
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(b) Calculation of eguilibrium active particle concentrations 

When obtaining a correlation of the burning velocity data 

with the diffusion theory of Tanford and Pease, the concentrations 

of hydrogen and oxygen atoms and OH radical at the .flame front were 

required. 

No allowance for the formation of these atoms and radicale 

was made when estimating the flame temperature. However, the 

concentrations were obtained from the latter. This is justifiable 

as the dissociation energy involved in the formation of small con-

centrations of the atoms and radicale is not large enough to affect 

the energy balance seriously. 

The formation of OH radical and H and 0 atoms may be 

expressed by 

H2 0 1/2 H2 + OH ••••••• K 
4 

1/2 H2 .;;~ H • ••••• K 5 (38) 

1/2 02 0 •••••• K 6 

and 

Po: K6 JPo2 (59) 

p : K PH2 0 
OH 4 !p 

VJ:JH2 

where the p' s represent the partial pressures of the dif ferent 

cons ti tuents . 
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The values of PRa' p02 and pHaO at the flame front wer~~ 

obtained from the calculations indicated in section (a}. Fige. 45, 

44 and 45 show the equilibrium partial pressures of H2 , 02 and H20 

as functions of Tf. The equilibrium constants K4, K5 andK 6 were 

taken from Gaydon and Wolfhard (Ref. 2). Figs. 46 and 47 show the 

K 's as functions of temperature. 

(c} Change in the number of moles due to combustion 

While using Semenov1 s equations for predicting the burning 

velocity, the variation of~ (i.e. the ratio of the number of molecules 
n2 

before and after combustion) was discussed. · 

Following the notations of section (a) 

25.8 + x 
::. M wh ere M = f Ai. 

Values of this ratio were calculated for severa! values of Tf over 

the full range of AFR va_lues. They are shown in Fig. 48. 
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APPENDIX II 

Temperature dependance of the property values. 

When predicting the variation of burning velocity with 

initial temperature on the basis of the thermal and diffusion 

theories, the temperature dependance of the property values like 

thermal conductivity, viscosity and specifie heat were considered. 

To simplify mat ters, i t was asstnned tha t the properties of the 

gas mixture did not differ very much from those for pure air. 

Fig. 49 shows the thermal conductivi ty À, kinematic 

viscosity 1V and the specifie heat Cp plotted against temperature, 

on a logarithmic basis. The data was taken from the "Gas Tables" 

by Keenan and Kaye (Ref. 58). It has been possible to obtain good 

approximations for the property values as follows 

Cp c:X 

The units used for these properties and the temperature in Fig. 49 

are different from those used in ether parts of the thesis, but 

this difference affects the constants of proportionality only. 

By the application of the principle of similarity for the 

processes of mass transfer and heat transfer, Schmidt and Nusselt 

(Ref. 21) postulated that the diffusion coefficient is proportional 

to the kinematic viscosity. 

confirmed experimentally that 

nondimensional. 

Sherwood (Ref. 21) and ethers have 

Y!. , the Schmidt number, is in fact 
D 



-~-

Hence the diffusion coefficient was taken as being 

proportional to T1 •67 . 



- 121 -

100~---------.-----r----r-~--~,_~,-~--------~----~----~~~,--r~-r~ 1 

9 ~--------~-----+----~-+--+-~~4-+----------+----~----+-~l~~-r-+-r~ 

8 ~--------~-----+----~-+--+-,_~~+----------+----~----+-~1~~-r-+-r~ 
7 1 

6 

5 
: . 4 ~--------~-----+----~-+--+-4-~4-T----------+----~----+-~~-,_~~ --

1 ~ 

! : .i r.l ~0.30 
~--------~-----+----r~~~:~~-~~-=-r--=l~-~~~~i: ~~~,~;~~~T~~~;~i~~~~~ =-~- -~~~l- -· -~ -

2 f- • ------+------+---~--+--+--l-l--1-+-------+-~---+----+-- +----+- · - ~ 0. 2Q_ 

~ 1 = 
~ u 

~ 1 ~ 
~ 1 1 ~ 
- ! ~ ~ 1 

10 '--- - ------+------+----+---t---t--+-+-+-t-------r-;---+-----+--- ··- -·-+--·-+---- -
9 - ~ ------t------+---~---t- --· ·-l--+-~~+----7l<~---+--___,----+---lf--,_-r-+--i f---il 
s-~ Y 
7 r- g ------+------ -+----+--~--1--t--+-t-J--'oêllo..~./)} o<. Tl·67 __ --lf----+--t---lll--ld 0 • 0_1_ 

~ -----t-----+----- -+--+---1--+--+~---+-1 -/-/ ______ +------+-/-+v---+----t- . t- ,.: o. 0__2_ 

:~i v / ~.0_5 
- m ;1 7~,~~ 1 ~0.04 

4 - ~ -< -
~ 11 ;-- / . -

3 r ~ . 1 : /Ào<.T 0"~+ i ~0.0]_ 
1 ,{ .' )~ 1 

1 

: ~ 
-~~--*v __ ~L~(~+--------~-----f----+---f--~~so.ojl rK ! 1 

1 1 /~ 1 ! 1 j ~~ Q.Ol 
10~0--------~2~--~3---+4--~5--6~7~8~9~D-00~------2~--~3--~4--~5--6~~7~8-9~ 

2 1-----------t-- -----+-----. 

Temperature 0 R 

Note: Data taken from 1.Gas Tables" by Keenan and Kaye • 

Fig. 49. 



- 122 -

APPENDIX III 

Relationship between temperature and delay period for spontaneous 

ignition. 

At a given temperature T1 , the ignition delay varies 

. .inversely wi th the reaction rate. Thus 

1 
"Ci ol. -

q 
where 

_J._ 
RT 

q = P*Z e 1 

P* is the steric factor. z, the collision frequency is proportional 

to the root mean square velocity of the molecules and hence to ·~1 • 

Therefore, 
--L-1 

"ri oL (fil e -RTl) 

or ( "C i Tl 1/2) oJ... e E/RT 1 • 

Renee 1/2 tant E log Cri Tl ) = cons +- RTl (40) 

Thus a linear relationship exists between log ('ri T1
1/ 2) and l/T1 • 
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APPENDIX IV 

Calculation of wall velocity gradient for partially developed 

laminar flow. 

For fully developed laminar flow, the velocity gradient 

at the boundary is given by 

g = 4 Vg 

R 

and for the partially developed case 

g=~ <1> (yZ) 

Wilson and Hawkins (Ref. 1) give o/ {? ) as 

l+t'l 

The problem of cal?ulating ? as a function of tube length L 

was trea'ted by Schiller (Ref. 1 ). 

Fig. 50 shows fl as a filllction of f = 1 and Fig. 51 
R • Re 

connecta~ with q>. It is seen that when ~ = 0.0575, V"l = 1 

and ~ = 2, which corresponds to the case of fully developed flow. 

Th us L = 0 . 0287 5 Re • d for fully developed laminar flow. The 

constant has been rounded off to 0.03 in the earlier discussions. 
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