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The blow-off of 2 laminar aerated burner fleme in which Hydrogen is 

present carmot be characterised by the flame stretch correlation proposed 

by Reed. A literature review hes indicated thet the preferential 

diffusion of Hydrogen towards the point of stability in the region of 

maximum primary flame front curveture at the base of the flame may cause 

this enonaly. 

The influence of the introduction of Hydrogen into the Fropane-Air 

system on blow-off has been studied end correlations of critical boundary 

velocity gredient and burning velocity against fuel concentration 

  

obtained for eight different Propene/Hydrogen ratios. It has been 

proposed that the degree to which preferential diffusion will occur mney 

be characterised by a dimensionless group termed the preferential 

@iffusion factor. This has been correlated against critical flane 

  

stretch factor for the Hydrogen-Propane-iir system end hence an equation 

has been developed which may be used to predict criticel flame stretch 

factors for aerated systems from a kmowledge of fuel concentration and 

preferential diffusion factor. 

    

Physical and trensport prope ss of the Hydrogen-Propane-Air systen 

  

have been varied by the replacement of the Nitrogen present in the Air by 

Helium end Argon. ‘These data, together with that for the Hydrogen- 

Methene-Air system from the literature, have been analysed using the 

preferential diffusion factor approach and have revealed considerable 

eenent betwee: srinental critical flane stretch       

 



Hydrogen concentration isopleths have been studied in the 

    stabilising vegion of three leminar Hydrogen-Propane-Air flames with 
iG Les: e P 

605 Hydrogen present in the fuel gas mixture. Isepleths plotted from 

this investicetion are consistant with the preferentiel diffusion 

mechanism. 

Similar studies of the Bthylene-Air system have been made at all 

westigetion for comparison purposes. 

 



 



ROMENCLATURS 

Symbol 

A 

a 

1 ning 

Area, of flame front () 

Pavaneter defined in section 1.1.4 (mless otherwise stated). 

Por 

  

meter defined in section 4.2.1. 

Specific Heat (J/kg.deg.C). 

Diometer (i). 

iio! Leow.   x diffusivity (m?/s). 

Preferential diffusion factor (mess otherwise stated). 

Critical boundery velocity gradient (s7)s 

Thermal conductivity (w/n? degeCe)s 

Plome stretch foctor es defined in equation (1.8). 

Plame stretch factor as defined in equation (4.2). 

Predicted critical flame stretch factor. 

Lewis Number. 

Entry length for fully developed laminar velocity profile (m). 

lolecular weight. 

Pressure (n/m?) « 

Volumetric flow rete (m?/s). 

Burner Radius (m). 

Reynolds number. 

Local burning velocity (n/ s). 

Normal burning velocity (m/s). 

Time (s). 

Temperature (dez.C.).



  

U Gas velocity: (m/s). 

Concentration expressed as a mole fraction. 

Fuel concentration expressed as a fraction of stoichiometric. 

a Parameter defined in section 1.1.4. 

ss B Paraneters defined. in sections 1.1.4 and 1.2.3. 

9. - 

H Viscosity (ie/n"). 

Preheat zone thickness (m). 

  

o Stenderd deviation. 

p Density (xe/v?) ‘ * 

  

molecular weight species in combustion products. 

  

2 Low molecular weight species in unburned gas mixture. 

bd Burned gases. 

i Point of ignition (unless otherwise stated). 

  

u Unburned gases. 

inun value.    
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SERODUCDICN     

Blow-off is said to occur when a flame lifts off from « burner end 

ished. Until recently, Tow gas was the principal fuel gas 

  

utilised both domestically and industrially in Sritein. Tow gas is a 

of a nunver of gases but normally contains about 50); Hydrogen 

  

and has consequently a relatively high maximum value of burning velocity. 

Natural gas contains no Hydrogen, however, and so has a maximum value o 

burning velocity less than helf that of Town gas. The introduction of 

Natural gas in Britain has forced a change of emphasis in burner design 

from light back to blow-off as the most important flame stability 

consideration. This change of fuel gas has elso resulted in the almos 

  

exclusive us © of aerated rather than diffusion flames in burner design. 

  

  nt o. 

  

been directed towards the develop 

a meens of predicting when blow-off of an aerated fleme will occur from 

necessitated clarification of 

2 stability in general and blow.   

has gone some way to attainin, 

  

the critical flow rate of the 

  

4% waich blow-off would occur could be predicted 

  

from a general correlation (Squation 1.10). It has since seen shown tt 

most laminar serated systems adhere fairly closely to the behaviour 

predicted by the general correlation but that when Hydrogen is present 

the fuel gas, the method breaks down. it has been proposed that the oF 3 2 + 

¢ 

% 

-off 

in 

anomaly may be attributed to the preferential diffusion of Hydrogen. 37 

this mechanism, Uydrogen would diffuse towards the point on the flané 9 7 1S RP 

front governing blow-off, thus increasing the local wmburned Hydrogen 

concentration to a value in excess of that present in the bulk of the



   unburned gas mixture. 

During the last five years, investigations have been carried out 

into the use of existing Towms gas production plant for the manufacture 

of substitute Natural Ges both as a standby system and as a means of 

supplementing normal supplies at times of high demand. Such 

substitute cases would contain quantities of Hydrogen dependent on the 52 

mode of operation of the process in question. The problem of the 

ility characteristics of the fuel gas mixtures 

  

prediction of st 

yorogen is therefore clearly not without practical relevance. 

  

containir 

  

So 

The main eins of this research project have been as follows:- 

   (1) To determine if preferential diffusion can account for 

the anonolous blow-off characteristics of aerated flanes 

produced with fuel gas 

  

3 Hydrogen. 

  

(43) o modify the me stretch correlation in such a way as to 

   
take account of the preferential diffusion process and ti 

render it applicable to ell leminar serated flenes.



 



i. LITERATURE REVIEW. 

  

ories of Blow-off 

1.1.1 General principles of Blow-off 

For a flame front to be stabilised on 2 burner there are two 

pre-requisites:- 

(i) At some point on the flame front the local burning velocity nust ‘ 

equal the velocity on the unburned gases. 

(41) At all other points on the flame front the unburned gas velocity 

mst exceed the local gas velocity. Thus, thet point described 

by the first pre-requisite will provide a source of ignition for 

the remainder of the flame front. 

Should the local gas velocity exceed the local buming velocity over 

the entire flane front, blow-off will occur. However, should the first 

pre-requisite be met but the burning velocity exceed the local gas 

velocity at other points on the fleme front, the flame will light back. 

  

teke place is dependant 

exists, and the device used to produce a suitable 

  

on the flow r 

re. gime is the gas burner. The gas industry has used a variety of ways 

to represent stability linits, out perhaps the most well imown of these 

is Veaver's uethod, which has been discussed in detail by 

Gilbert and Fri, 

  

the most important parameters soverning 8 B iS a rs co
 ps & oO
 2 © 2 4% ct
 Ra 8 ck
 oe 

Burning velocity. 

4 poremeter which in some way characterises the flow régine. 

nm
     

The first important attempts to develop theories of stability of 

burner flames were made some thirty years ago. Adam(2), 

ree



D 2; 

  

kochler (3), Heiligenstaedt (4), Delvourg (5), Garside et al (6) 

and Lewis and Yon Elbe a11 published their respective ideas on the 

subject. Most of these are today largely of historic interest, but the 

worl: of Lewis and Yon Elbe stends out as being by far the most 

significant contribution to our Imowledge of the subject until the lest 

decade. 

1.1.3 The Boundary Velocity Gradient Theory of Lewis and Von Blbe 

The theory (7, 8,.9) is based on the following assumptions:- 

(i) The gas velocity varies linearly with distance from the strean 

boundary. 

(ii) The burning velocity of the combustion mixture is zero at the 

burner well end remains constant as the distance from the 

burner well is increased until 2 point is reached where the 

effects of quenching of the flame reactions by the burner, 

which ‘decreases with distance from the wall, and dilution of 

ure by diffusion from the surrounding   the combustion mi 

atmosphere, which increases with distance from the burner wall, 

are counterbalencing each other in such a way that a finite 

burning velocity cam exist. This burning velocity then 

increases with distance from the burner wall until th 

maximum burning velocity is reached at a point where the 

quenching effect of the bummer is zero. 

A fleme is stabilised where the local gas velocity and local burning 

velocity are equal. If the gas velocity is increased, the point at 

which the flame is stabilised is removed from the burner well until the 

reduced quenching effect permits the burning velocity to increase to a 

sufficient degree to equal the new local gs velocity. Thus a new 

 



equilibriun position is reached by the flame front and an increase in the 

dead space at the base of the flome has occurred. An increase in dead 

space, however, may cause an increase in diffusion from the surrounding 

atmosphere to the outer regions of the flame and this causes a 

corresponding change in the burning velocity in this region. It will 

become clear, therefore, that a point will be reached where further 

increases in flow rate cennot be matched by a corresponding increase in 

purning velocity. Hence, plow-off will occur. Lewis and Von Elbe 

proposed that the critical blow-off point could be characterised by the 

velocity gradient of the unburned gases at the burner wall. It follows 

that for different burners, the critical boundary velocity gradient remains 

constant provided that the mixture composition and other physical properties 

puss waltered. This has been show to be largely true with the possible 

exception of very small burner ports where interaction may occur between 

different regions of the flame front. 

It follows that there are two requirements for the prediction of the 

  blow-off characteristics of 4 flame of mom composition from a burner by 

this theory:- 

(i) An experimentally determined correlation mist exist of critical 

boundary velocity gradient against fuel concentration for the 

fuel gas in question. 

(44) It must be possible to relate the boundary velocity gradient to 

a volumetric flow rate. In the majority of cases, this 

necessitates the characterising of developing flow in some kind 

of channel. The efforts of a nwaber of workers Cee 

Sparrow et al (10) have mede this possible and earlier work (11) 

by the author has shown that such predictions of developing flow



con be used to predict blow-off correlations which agree closely 

with those found experimentally. 

The theory hrs been used by many workers to interpret their blow-off 

date and Reed hag listed a number of these in one of his papers (12). 

The good correlations obtained from the theory tended to discourage 

enquiry into the validity of the mechanism proposed. There are, however, 

two reasons why further work has been carried out during the last decade 

on the subject of blow-off. The first of these is that the critical 

poundery velocity gradient theory is dependant on a series of 

experimentally determined correlations and each fuel gas mixture has its 

own unique correlation. This is a considerable obstacle to the designer 

who will frequently wish to design burners for fuel gas mixtures of varying 

“ composition. The second reason is a series of observations which appear 

fundamentally to differ from those which would be expected from the 

proposed mechanism:- 

(3) Taylor (13) has observed no detectable change in the dead space 

at the base of the flame when the gas flow rate is increased in 

some cases. 

(ii) Reed has observed increases in dead space when the burner 

diameter is decreased and no change in critical boundary 

velocity gradient is observed (14). Se has also observed that 

by reducing ambient pressure and thus causing a large increase 

in dead space, he has failed to observe a correspondingly large 

decrease in critical boundary velocity gradient. 

(444) More recently, Datta et al (15) have studied the stabilising 

region of a two oreneierel near stoichiometric natural gas 

flame by analysis of temperature, gas velocity and composition.



They have shown that in this case, the burning velocity which is 

considered as a measure of heat release rate, does not differ 

significantly in the stabilising region from that in other 

parts of the flame. This is directly in contrast with the 

theory of Lewis and Von Elbe which predicts a significant 

reduction of burning velocity fen the stabilising region. 

The alternative mechanism of "aerodynamic quenching" often 

called "flamé stretch" has been proposed. 

1.1.4 The Flame Stretch theory of Blow-off. 
  

The concept of aerodynamic quenching or flame stretch was first 

proposed by Kerloritz and his colleagues (16, 17). They studied the 

effects of two dimensional flow on flame propagation and developed 

“equations from the continuity equation for two dimensions, and a heat 

balance assuming conduction in the n direction only (at right angles to 

the flame front), convection in the n and & directions and negligible 

radiation (Fig 1.1). A relationship wes also developed relating mass 

flow rate to distance from the fleme front in the n direction. The 

following assumptions were then made:- 

(4) sing = ae 0) (3) 

(44) cos$ = 1 (1.2) 

The former assumption is clearly correct. The latter assumption 

implies a vertical flame front with 9 = Coe Although this is 

clearly never correct it can be shown that this is a good 

approxination when blow-off oceurs (cosh >0.9 iff < 25°) 

Karlovitz combined the three basic relationships and integrated twice



  

VELOCITY 

PROFILE 

S 

  

  

FLAME FRONT PROPAGATION ACROSS A VELOCITY GRADIENT. 

FIG. I.I



arriving at the following equation:- 

  

Pismo 2 + any (2.3) 

where a = 2 (n= 0) = (2-4) 

and n= k = preheat zone thickness (1.5) 
Cp Pn a oe 

The concept of the preheat zone thiclmess is derived from the simplified 

one-dimensional heat belance (Fig 1.2) 

P(n= o) oP Se (ti- mm) = (3) as (1.6) 

The preheat zone thiclness No is defined 

(2 5 Bie wa (2.7) 
an/ i No 

Equation (1.5) follows by combining equations (1.6) and (1.7). 

A new parameter K was now defined such that 

1 gue Se 
Wn= oc) W SP P(q =o} su 

  

cee eas (1.8) 
  

K was named the "Karloritz Number" or "Flame Stretch Factor". 

Because of the curvature of a flame front, the erea of the mburned 

side of the flame front is greater than the burned gas side. This 

"stretching" effect gives the theory its name. A consequence of this is 

that the anount of heat flowing from the reaction zone to the wnburned 

gas is distributed over a greater volume of unburned gas than for a flame 

front without curvature. ‘this results in a corresponding reduction of 

chemical reaction rate, neat release rate, and nence burning velocity. 

- 10 -
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The tlame stretch factor characterises the increase in area when the flame 

front propagates over the distance equal to tne preheat zoue thickness. 

A critical value will exist therefore which represents the greatest 

increase iin erea that the flame front can withstand before rupturing will 

occur. 

Lewis and Von Elbe used the flene stretch concept as proposed by 

Karlovitz to interpret blow-off data for inverted flames stabilised on 

wires, and thus they may be considered to have piloted the application of 

the flame stretch concept to the blow-off of flames (75185, 195) 20) 

They have not, however, attempted to interpret the blow-off of flames from 

normal burner ports in this way preferring their boundary velocity gradient 

approach. It seems illogical to dismiss flame stretch as insignificant 

. in this context, particularly when flame stretch in no wey invalidates 

the concept of a critical boundary velocity gradient. It seems unlikely 

that this point escaped Lewis and Von Elbe and it is more likely that they 

did not feel the need to introduce flame stretch considerations in a 

situation in which the boundary velocity gradient provided adequate 

correlations. 

Reed has likened the conditions shown by Karlovitz to lead to the 

extinction of a combustion wave to that present at the base of a bunsen 

type flame when blow-off occurs (12, 21). Cver a distance equal to the 

width of the preheat zone, very large changes in gas velocity occur 

because of the large boundary velocity gradient alweys present at this 

point. The region adjacent to the burner rim at the base of the flame 

is known as the stabilising region, for in this region the largest 

velocity gradients occur, and therefore the greatest flame stretch will



be present. It follows, therefore, that at this point, the flame front 

rupture causing blow-off will occur. Photographs of the lift-off of 

flemes have shown that this is in fact the case (22). Reed proposed that 

provided the preheat zone term, Mo, could characterise the combustion wave, 

and u and . the flow field, a constant value of flame stretch factor might 

exist that could characterise blow-off independant of other factors such as 

temperature, pressure and composition. It was then necessary to make two 

further assumptions to evaluate flame stretch fectors for practical cases, 

these being that at the point of stability where flame front rupture was 

most likely to oceur:= 

(3) = = gb - the boundary velocity gradient used by 

Lewis and Von Elbe in their work. 

(Gt) a) = Psi - This is in contrast with Lewis and Von Elbe!'s 

theory in which it is stated 

u = S$ where S = local burning velocity, but Su>S 

Both assumptions are open to criticism. The former may be criticised 

because gases emerging from the burner tend to "spill out" and the flame 

front itself may cause a distortion of the velocity profile by the back 

pressure it exerts, even though this is usuelly very small. Such 

criticism is equally valid, however, when discussing the boundary velocity 

gradient theory and yet this has been shown to give good correlations and 

so for this reason, the assumption may be considered acceptable. The 

second assumption is more readily criticised. The flame stretching effect 

causes a reduction of burning velocity and a thickening of the preheat zone. 

It is equally true to say, however, that it would be very difficult indeed 

to apply and test the theory if this assumption is not made. A precise 

test of this assumption could be made using a particle track technique. 

aoe



The work of Datta et al (15) has already been discussed and they have shown 

that the assumption is not unreasonable for the limited case that they have 

studied. They have also cited other relevant references and discussed 

this point in some detail. 

Reed has thus redéfined the flame stretch factor as follows:- 

Ks No gb s sb i ; (1.9) 

as Cp p su? 

He has used critical boundary velocity gradient and burning velocity data 

obtained by s number of workers over a wide range of mixture compositions, 

fuel gases, temperatures and flow states (the majority of which were in the 

laminar region) to test his hypothesis. He plotted gb no egainst Su and 

found a fairly good correlation although three systems he tested differed 

_noticably from the general pattern of behaviour, these being Hydrogen-Air, 

Methane-Cxygen, and Propane-Oxysen. He correlated fleme stretch factor 

against fuel concentration and arrived at the following equation:- 

Ki 70.25 [2 + (xoe4 ~l)a ] for X< 1.36 (1.10) 

where a= 0 for systems with no secondary reaction zone 

a= 1 for systems with both primary and secondary 

combustion zones. 

He was unable to test the correlation for X<0.7 but has suggested that 

there is no theoretical reason for the imposition of such a limit of 

applicability. He accounted the behaviour of the three enomolous 

systems to the phenomenon Imown as preferential diffusion although this 

suggestion has received considerable criticism (28, 70). 

The correlation characterised by equation (1.10) is good es 

Reed's statistical analysis endorses, but its chief fault lies in that it



is based on many results obtained at different times and in different ways 

by a number of different workers. There are likely to be, therefore, a 

number of sources of error present in the various sets of data and this 

may tend to mask the underlying trend of the correlation. A major factor 

in advocating the general validity of the correlation for practical use, 

however, lies in this very wide range of systems and conditions used to 

obtain the correlation. : 

Mak (23, 24) has commented on the mathematicsl derivation and the 

assumptions made and has suggested that a precise test of the theory 

requires studies of the blow-off ot flames using optical techniques. 

tudies of the blow-off of flames using high speed photography might 

certainly provide interesting results, but it is doubtful whether any 

_ modification made to the definition of the flame stretch factor could 

avoid rendering the theory more complex end so more difficult to apply 

practically. 

1.2 Analysis of blow-off data using the flame stretch theory 

1.2.1 Variation of the burning velocity or Nethane-Air 
mixtures by the use of en additive. 

  

Edmondson and Heap (25, 26) have varied the burning velocity of 

Methane-Air mixtures by the eddition of small knowm concentrations of 

Methyl Bromide to the wmburned gas mixture. Blow-off data from 

cylindrical burners and burning velocity data have been determined and 

eritical boundary velocity gradient correlated against fuel concentration 

for each additive concentration employed. All date was then analysed by 

the flame stretch method and a single correlation of critical flame 

stretch factor against fuel concentration was found to exist. ‘This 

provided a particularly 000) and convincing test of the flame stretch 

theory as it avoids the possibility of variations in diffusional fluxes



caused by changing the fuel gas so altering the concentrations of the 

various molecular species present and hence the concentration driving 

forces for diffusion. 

1.2.2 Variation of the nature of the surrounding atmosphere 

Edmondson and Heap (27, 28) have carried out determinations of 

eritical boundary velocity gradients for the blow-off of laminar 

fethene-Air flames from cylindrical burners in atmospheres of Air, 

Nitrogen, Oxygen, Helium end Carbon Dioxide. They later repeated the 

determinations for the blow-off of Ethylene~Air flames in atmospheres of 

Air, Nitrogen end Oxygen. The work was confined to flames leener in fuel 

than stoichiometric. Attempts were made to correlate the data by the 

flame stretch equation(1.10) and the failure to do so was attributed to the 

influence of the surrounding atmosphere. There can be little doubt that 

this behaviour is caused by Giffusion of the secondary atmosphere through 

either the dead space at the base of the iluce, or through the secondary 

combustion zone, or possibly even by both routes. Diffusion through the 

secondary reaction zone is an important mechanism in fuel rich flames, 

for it is only by this route that oxygen can reach this zone to enable 

secondary combustion to take place. Clearly, therefore, provided a 

suitable concentration driving force exists for such diffusion, it need 

not be confined to Oxygen nor indeed to fuel rich flames. 

Reed (29, 30) has presented a logical and well ordered argument against 

the possibilities of diffusion through the dead space. With the aid of 

particle track photograpns, he has shown that with flames leaner than 

stoichiometric, the bulk flow of combustible gas is away from the burner 

port through the dead space at the base of the flame. The concentration 

@riving forces of both Oxygen and Nitrogen ere small between the primary 
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Fuel-Air mixture and the secondary atmosphere. A situation therefore 

exists where diffusion is very wmlikely to occur against such a sizable 

bulk gas flow. Reed presents the following alternative explanation. 

Because secondary combustion occurs in fuel rich flames to a far greater 

degree than in fuel lean flames, an energy flux exists towards the primary 

reaction zone in the former, and away from the primary reaction zone in 

the latter. Any chenge in ambient conditions will alter these fluxes 

which will in tum affect the heat release rate in the primary reaction 

zone, i.e. the burning velocity. The work of Hottel and his colleagues 

(31) is cited as substantiating this argument. Hottel stabilised gas 

lean inverted flames part way along a rod. The rod provides a heat sink 

which reduced the energy flux towards the primary reaction zone. The 

eritical boundary velocity gradient was found to be only one tenth of the 

for a similar flame stabilised above the end of the rod. The presence of 

the rod penetrating the flame front in this way provides an effective 

energy sink which in turn gives rise to a substantial reduction in burning 

velocity and hence stability. This effect would be anticipated even by 

the advocates of diffusion through the dead space on fuel lean burner 

stabilised flames, however, for such an effective heat sink could not fail 

to cause a substantial reduction in stability. It is felt therefore that 

this work has little to offer in the clarification of diffusion mechanisms. 

Of far more importance are the various concentration measurements made 

by different workers in the stabilising region of flames. Smith (32) hes 

increased the Argon concentration in the Air surrounding a bunsen type 

burner on which a Nethane-Air flame was stabilised. Analysis was carried 

out using a continuous sampling system and a mass spectrometer. He found 

no significant diffusion of Argon into the primary mixture with a fuel 

ea ices



concentration (X) less than 1.1 stoichiometric. However, sampling 

2rm. above the port of a rectangular burner, the Argon concentration 

in the primary mixture was found to rise significantly as X was increased 

from 1.2 to 1.9. Increasing the gas velocity was found to increase the 

A&xgon concentration slightly in richer mixtures. The work of 

Datta et al (15) on a near stoichiometric two dimensional flame has already 

been discussed in another context. Their concentration measurements in 

the stability region showed no indication of significant diffusion through 

the dead space. A similar study carried out by the same authors (33) on 

a two dimensional fuel rich Methane-Air flame showed that as expected 

there is an increase in diffusion through the dead space in this 

situation. 

In contrast with the above observations, Edmondson and Heap (27, 28) 

have proposed that their work on Carbon Monoxide-Oxygen flames shows that 

diffusion through the dead space is significant in fuel lean flames. The 

Carbon Monoxide-Oxygen systeu Was used because of the way in which the 

burning velocity of a specific mixture varies with water vapour 

concentration. Wires et el (72) have showmm that little or no combustion 

will occur when absolutely dry Carbon Monoxide-Oxident mixtures are used. 

Edmondson end Heap used mixtures dried using silica gel and they proposed 

that where diffusion from a moist secondary atmosphere occurred, an 

inorease in burning velocity would be observed. Initial experiments 

were carried out using a dry Oxygen atmosphere. The critical flame 

stretch factors calculated from critical boundary velocity gradient end — 

burning velocity data obtained, increased rapidly as the fuel concentration 

was jncreased towards stoichiometric. They then determined burning 

velocities from particle track photographs for a fuel lean dry primary 
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mixture burning in a moist secondary atmosphere of Nitrogen end found 

purning velocity increased significantly as the burner rim was approached. 

It seems extremely hazardous to draw any general conclusions from this 

work for the following reasonsi= 

(i) Water vapour molecules are far more mobile then those present 

in other situations and might therefore diffuse through the dead 

space of a flame under conditions in which a less mobile 

molecule, e.g. Oxygen, would not diffuse to a significant 

  

degree. 

(ii) There is a fer larger concentration driving force for diffusion 

of water vapour preseut than would exist in most cf the other 

situations under consideration. 

(iii) The situation is not dissimilar to that present in a diffusion 

flame where the magnitude of the burning velocity is dependant 

on the diffusion of a molecular species from the secondary 

atmosphere to the primary flame front. 

It may be concluded thut diffusion through the dead space is unlikely 

to take place in an aerated flame burning in Air. It is also unlikely to 

take place where the secondary atmosphere is made up of low mobility 

molecular species or where there is an insufficient driving force for 

diffusion. In the case of a fuel lean aerated flame burning in a Helium 

atmosphere, however, it is quite likely that diffusion might occur against 

the bulk gas flow through the dead space. 

1.2.3 Vitiotion of Primary and Secondary Air 

The subject of vitiation is of considerable practical importance, 

particularly when the diluent is water vapour as might be the case with a 

bathroom water heater, or combustion products, as may be the case when a 
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defective flue is in use. It is very surprising, therefore, that the 

subject has received little attention since Mastermon et al (34) studied 

the subject more than thirty years ago. 

Only recently have Reed et 21 (35, 36, 37) carried out a detailed 

study of the influence of vitiation of primary and secondary Air both 

separately and together on critical boundary velocity gradient, burning 

velocity, and critical flame stretch factors. In order to express 

their results in a convenient manner, they have defined a paremeter 

B as follows:- 

= Critical boundary velocity sredient under vitiated conditions (1.11) 

Critical boundary velocity gradient under non-vitiated conditions 

  

It follows from equation (1.10) that 

‘ we 
= (pp Su 

8 k ) Vitiated 
(1.12) 

on-vitiated 

Reed et al have used this relationship for the case in which only primary 

vitiation oceurs to predict the effects of vitiation on blow-off. They 

have obtained fair agreement between predicted and experimental values 

of B within the limits of accuracy to which Reed has suggested flame 

stretch factor can be determined é 6073) « This comparatively high 

figure is attributeble largely to the wide variations in values of burning 

velocity cited in the literature which may be as great as & 20% of the 

currently accepted values. 

It has been shown in section 1.2.2 that the flame stretch equation 

(1.10) cannot predict the behaviour when the secondary atmosphere is not 

Air. It follows therefore that the same equation cannot be used to 

predict the influence ot vitiation o1 the secondary atmosphere. The 

perameter B has been expressed as a function of fuei concentration for a



variety of vitiants. It is interesting to note that a substantial 

reduction of Oxygen concentration in the secondary atmosphere is required 

before any influence is noted on fuel-lean flames. This reduction is 

greater than 695 when the vitiant is Nitrogen although slightly less than 

this when the vitiant is Carbon Dioxide. However, this trend was not 

reflected when flames richer in fuel than stoichiometric were studied, for 

Carbon Dioxide caused a far greater reduction in stability than Nitrogen. 

The effect is to be expected, for vitiation will reduce the heat release 

rate and hence the temperature in the secondary reaction zone. ‘This in 

turn will reduce heat transfer to the primary reaction zone and hence 

stability will also be reduced. 

Finally the effects of simultaneous primary and secondary vitiation 

have been studied and experimental results compared with predictions from 

the individual effects of primary and secondery vitiation already 

characterised. Considerable success has been achieved in the agreement 

of the predicted and experimentel values of B- 

1.2.4 Stu 

  

s of Inverted Flames 

To this point, the work discussed has been confirmed to the subject 

of authodox burner stebilised flames. In this type of flame, the unburned 

geses are on the inside of the cone and the burned geses on the outside. 

The latter con thus readily mix with the surrounding atmosphere. It is 

possible, however, to produce an inverted flame in which the situation is 

effectively reversed. Such flames are normally stabilised on the ends of 

wires mounted in tubes or on thin plates mounted between e pair of narrow 

parallel channels of sufficient length to eliminate "end effects". They 

should not be confused with devices used to produce a "bluff body" 

stabilised flane, the fundamental stabilising mechanism of which is 
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entirely different. The latter depends on turbulence engendered by the 

body in its wake to stabilise the flame. The former type use the wire or 

plate to produce a leminar flow régime condusive to the stabilising of a 

flame. 

The study of inverted flames is of significance for two reasons. 

Firstly, it produces a means of studying the behaviour of a fleme while 

eliminating the influence of the secondary atmosphere on the stabilising 

region (Inverted flame studies are frequently made in a Nitrogen 

atmospuere as this facilitates easier stebilising of the flame). For 

this reason, inverted flames have been described as the purest practical 

instance of the flame stretch concept. A second reason for interest in 

inverted flames, particularly those stabilised on perallel slot burners, 

concerns flame front interaction. It has been suggested that the 

situation may be likened to two interacting flame fronts separated by a 

distance equal to the thiclmess of the plate (38). Little work has teen 

carried out on this sudject to date, although this, among other aspects of 

flame interaction has been studied by Ewins (39, 40). 

The earliest work by Lewis and Von lve with wire in tube burners hes 

already been discussed. They calculated fleme stretch factors for lean 

natural gas flames end found that the critical flame stretch factor 

(which they called the Karlovitz Number) decreased as fuel concentration 

was increased from X = 0.62 to X = 0.85. The values of critical flame 

stretch factor were all greater than unity, however, which is substantially 

greater then the corresponding value for a "bunsen" type flame of a similar 

composition. 

Hdmondson end Heap (28) have studied the influence of plate thickness 

on the critical boundary velocity gradients of Methane-Air flames



stabilised on parallel slot burners. Not only did they observe increased 

stability as the plate thickness was decreased, but they also clain to 

have noted that the meximum stability occurs with increasingly fuel-leen 

mixtures. On inspection, however, it seems that this latter observation 

is not justified from the experimental data and arises only from the lines 

they have chosen to draw through the data points on their graphs. The 

author feels that no increase in standard deviation would have been 

observed if lines through all the data points reaching a maximum critical 

boundary velocity gradient at about X = 1.04 had been constructed. 

Variation of slot widtn was found to have no influence on stability. 

This is to be expected and is in close agreement with the observations of 

Lewis and Von Elbe who varied both the wire and tube diameters of their 

burners. 

Edmondson and Heap (41) extended their work to other fuels and have 

n Hy
 correlated their data using the flame stretch principle. It is difficult 

to draw any firm conclusions from their results as they have restricted 

their work to one burner only. Nevertheless, it is spparent that wmlike 

Lewis and Yon Elbe, they have ovserved blow-off to occur at a 

comparatively constant value of critical flame stretch factor. From 

their worl already discussed it would be expected that increased plate 

thicimess would increase the critical boundary velocity gradient for all 

fuel geses and the value of critical boundary velocity gradient for zero 

plate thicimess might be found by’ extrapolation. Edmondson and Heap have 

  

explained this phenomenon by suggesting that the flow lines of the gas 

emerging from the burner port adjacent to the plate, divert to fill the 

gap sbove the plate and thus the correct dou 

  

ary velocity gradient is 

lower than that calculated. 4s the plate thiclness is reduced the error 
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also reduces. 

The correlation of criticel flame stretch factor with fuel 

concentration is far less good for inverted flames than for cylindrical 

purners and although it seems likely that flame stretch is the controlling 

blow-off mechanisa, a considerable quantity of work will be required before 

any firm conclusions can be draw as to the nature of a general correlation. 

A possible explanation of the poor correlation may be in the presence of 

small eddies above the wire or plate. These have been demonstrated to 

exist by both Lewis and Von Elbe (7) and Dugger and Gerstein (42). They 

lie directly below the flame front and so cannot influence the laminar 

nature of the flame nor the significance of the boundary velocity gradient. 

They may, however, influence the heat transfer from the primary flame front 

to the unburned gag mixture in the region of maximum flame stretch end as 

wire or plate thiclmess is likely to influence the size and indeed the very 

existence of these eddies, they may in some way contrite to the variation 

in critical flame stretch factor with wire or plate thiclmess. 

1.2.5 The correlation of blow-off data from cylindrical burners 

Reeds original test of the flame stretch theory was carried out using 

a large quantity of data from a number of different workers which was 

analysed statistically to obtain the basic flame stretch correlation. It 

was left to Edmondson and Heap (27, 28) to investigete the precise form of 

he relationship between fuel concentration and critical flame stretch 

factor for the blow-off of leminar aerated flames from cylindrical burners 

using a variety of fuel gases. In order to do this it was necessary to 

determine consistent burning velocity data as values published in the 

literature sometimes vary by as much as £ 20% of the currently accepted 

values. Hamondson and Heap (43) did this for a number of different gases



employing a "flat fleme" technique. A recent study of most of the well 

  

‘mown methods of burning velocity determination has throw considerable 

light on the inherent inaccuracies of each method (44). This work 

suggests that the method employed by Sdmondson and Heap may give values as 

much as 20% below the correct value which will in turn lead to the under- 

estimation of critical flame stretch factor by as much as 4055. 

Consequently, the absolute values of critical flame stretch factor 

published by these authors are substantially different from those 

predicted by Reed's correletion. This does not detract from their value 

as a guide to the true nature of the critical flame stretch factor-fuel 

concentration relation: 

  

They have found a series of closely related correlations for different 

fuel gases rather than the single correlation which is predicted by the 

theory. The highest values of critical flame stretch factor have been 

exhibited oy Bthylene for any particular fuel concentration. Reed hes 

proposed that if X<1.0, the criticel flame stretch factor is independant 

of fuel concentration and has a constant value of 0.23 (equation 1.10). 

In contrast, however, Edmondson and Heap have found that progressively 

increasing values of critical flame stretch factor are observed as 

X approaches unity. 

Reed has already provided a possible explenation for both of these 

phenomena. Clearly, if preferential diffusion is to account for the 

  

anomolous behaviour of Hydrogen, it must be expected to play a minor role 

with sll fuel gases end would be expected to influence the flane stretch 

correlation. Of the gases Edmondson and Heap tested, Ethylene would be 

expected to most readily preferentially diffuse to the st. bilising region 

and it is this gas that was obser 

  

ed to exhibit the highest values of 

Se



critical flame stretch factor. The rapid increase in critical flome 

stretch factor with fuel concentration for X>1.0 is attributed to heat 

transfer from the secondary combustion zone to the primary flame front. 

In practice, a certain amount of secondary combustion will take place even 

jn a fuel-lean flame and this will-increase as X approaches unity. 

Clearly then, this will be observed in the form of a progressively 

increasing critical flome stretch factor although the rate of increase 

with fuel concentration will be small in comparison with that in the fuel 

rich regione 

1.2.6 Conclusions 

It may be concluded that although equation (1.10) does not give a 

precise means of predicting critical flame stretch factor, it does provide 

us with the best means available for characterising the blow-off behaviour 

of laminar aerated flames. The only situation that cannot de 

characterised by this equation exists when Hydrogen is present in the fuel 

gas. Whether this method can be extended to non-aerated systems is not 

clear, although there is no theoretic reason for precluding such 2 step. 

Reed (14) has attempted to correlate data for Nethane-Oxygen and 

Propane-Oxygen flemes and these have given rise to critical flame stretch 

factors differing considerably from those predicted by the theory. Such 

date for laminar flames must heave been obtained on extremely small burners 

and it has already been pointed out in section 1.1.3 that such burners are 

kmown to give erroneous values of critical boundary velocity gradient. 

No general conclusion can be draw on this point therefore from these 

isolated observations.



   1.3 Preferential Diffusion usi. 

1.3.1 Observation of Phenomena associated with 
Preferential Diffusion 

1.31.1 Fieme Front propasation in tubes 

Observations of various phenor 

  

2, attributable to preferential 

diffusion have been made throughout the lest seventy years and a few of 

the more relevant examples to be found in the literature are cited in the 

following paragraphs. 

Coward and Brinsley (45) observed that when they burned Hydrogen-Air 

mixtures in propagation tubes, that a portion of the Hydrogen remained 

unburned. Clusivs et al (46, 47) observed the limits of flamability for 

upward propagation of a flame front in mixtures of Hydrogen and Oxygen, 

and Deuterium end Oxygen. They found that the lowest Hydrogen 

concentration permitting a fleme to travel throughout the length of the 

tube was 3.670 whereas the figure was 5.37) when Deuterium was the fuel 

gas. The ratio of these minimm values was almost exactly that of the 

diffusivities of Hydrogen and Deuterium in Oxygen. In a mixture of 

Deuteriun, Hydrogen and Oxygen, the Hydrogen was found to burn 

preferentially. 

Manton et al (48) have photographed spherical flames under conditions 

of both isotropic and non-isotropic propagation. Non-isotropic 

propagetion is the term normally used to describe the situation in which 

some kind of cellular or polyhedral fleme structure is formed. They 

concluded that the propagation vas non-isotropic when the deficient 

component of a mixture alsopossessed the larger diffusivity. Markstein 

has carried out an inves 

  

ion into the upward and downward propagation 

of cellular flames in tubes (49, 5C) using a variety of fuel gases. In



this work he has correlated cell size against pressure, fuel concentration, 

and fuel molecular weight. 

a «2 Burner stab: 

  

Polyhedral flames have been observed where both Hydrogen end 

Hydrocarbon fuels are burned in aerated flanes. Neny workers have 

commented on these phenomena and typical of the observations made were 

those reported by Smith and Pickering (51) who observed and photographed 

vich Propane-Air flames, and Broida and Kane (52) who observed open topped 

weak Hydrogen-Air flames. 

  

It may be concluded that obser ons were confined to Hydrogen 

flemes leaner than stoichiometric and Hydrocarbon flames richer than 

stoichiometric end also that the number of sides that the flame possessed 

varied with fuel concentration, burner size, and the nature of the fuel 

gas. 

1.3.1.3 Explanation for the formation of non-isotronic flames 

Gaydon end Volfhard (53) heave suggested that "differentiel diffusion 

effects" can account for the majority of incidences of non-isotropic flane 

  

fronts but they point out the striking similarity between the visual 

appearance of cellular flames end the patterns caused by convective heat 

transfer in liquids observed by Prandtl (54). Recent mathematical models 

have demonstrated the way that both heat trensfer and diffusion can play 

an inportant part in governing stability characteristics of flame fronts 

but that heat transfer by conduction plays a more important role than by 

convection. The term "differential diffusion effects" is a particularly 

Good one as it is apparent that "preferential diffusion" has been used to 

describe a voriety of pienonene with some confusion having arisen as a 

result,



Concentration measurements have been made in laminar flemes where it 

was suspected that preferential diffusion was taking place and composition 

shifts have been detected (55-59). Perhaps the most thorough study has 

been made by Markstein (59) of a 1.44 stoichiometric Propene-Air flame. 

He has plotted concentration profiles through the flame front in a 

"valley" and a "ridge" of a polyhedral fleme. The species he has plotted 

include Oxygen, Hydrogen, Methane, Cy and Se saturated and unsaturated 

hydrocarbons, and carbon monoxide. He hes shown that considerable 

@ifferences exist in the profiles of the different regions. 

1.3.2 The influence of non-isotropic flame structure on 3 rr 
combustion characteristics.   

Harris and Lovelace (60) have pointed out thet the varying fuel 

concentration in the flame front of polyhedral flames will engender 

variations in burning velocity and hence it will not be possible to predict 

stability characteristics from correlations developed from observations of 

isotropic behaviour. It is clearly essential therefore to mow if the 

flame being studied is isotropic or non-isotropic and if the flame is not 

readily visible to the naked eye, as is sometimes the case with fuel lean 

Hy@rogen-Air mixtures, a means must be found of projecting an image of the 

flame front. 

M yers has also pointed out (61) that it is not possible to readily 

characterise the heat transfer by radiation from non-isotropic flames. 

  

renatical lodels 

Early nethematical models of one dimensional flame front propagation 

made a number of sinplfying assumptions and failed to take account of the 

possibility of preferential diffusion. Many of these have been reviewed 

by Evens who hes cited 116 references on such models (62).



Landau (63, 64), Emmons (65) and Ecknaus (66, 67) all made importent 

steps forward by developing equations to characterise heat, mass and 

nomentum transfer as well as chemical reaction. They applied a 

disturbance to the flame front and determined the effects of this by a 

perturbation enalysis. Markstein (72) has discussed the work of Eckhaus 

which is itself based on the work of Landeu oe Ennons. 

All these workers have been forced to study idealised situations 

because of the lack of available chemical reaction mechanisn data. 

Recently Dixon-Lewis (68) has succeeded in characterising the Hydrogen-Air 

reactions sufficiently to enable him to reliably predict burning velocity 

data with a considerable degree of accuracy. 

The most recent and sophisticated attempt at analysing the influence 

of a light molecular species on flame frontpropagation has been carried 

out by Forlenge (69). He studied three situations in which the light 

mobile species was present. These were:- 

(1) When resent in the unburned gases in defect. 

  

(ii) When it was present in the unburned gases in excess. 

(aii) When it wes formed as a product of combustion. 

He found it necessary to make many of the simplifying assumptions 

made by previous workers about the physical and transport properties and 

then developed the various transport equations applicable. He next 

carried out a perturbation analysis disturbing the flame front slightly 

and seeing if this disturbance decayed with time. From this, he 

developed stavility criterie for each of the three cases, (ii) and (iii) 

being mathematically similar. Heat conduction and molecular diffusion 

mechar 

  

isms were shown to be fundanentelly similar, both influencing 

burning velocity 

  

means of the chemical reactions taking place. Once 
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the need for reliable che: 

  

egain cal kinetics deta an 

  

only qualitative results can be obta Fa 

4 Conclusions 

In the past, preferential diffusion has been studied and discussed 

  

1ed without such data. 

aL    

only in situations in which it is believed to give rise to the formation 

of non-isotropic flame fronts. Because of this, it appears that some 

authors believe the two phenomena to be inseparable (28). However, 

there is no theoreti 

  

1 or experimental evidence to suggest that the 

ebsence of a non~isotropic flame structure is an indication of the 

$4 absence of preferential diffusion. The criteria Parl has layed 

  

down are criteria for flame front instability and not preferential 

diffusion itself. 

it is perhaps because of this basic misconception thet the subject 

of preferential diffusion has been neglected quantitetively in all 

blow-off theories to date. 
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NALYSIS OF THS PREFERENTIAL 

DIFFUSION PROCESS IN LAMINAR FLAMES.



2. ANALYSIS OF 
PROCESS It 

  

He PREFSREIMTIAL DIFFUSION 
TNAR PLANES. 

  

2.1 The preferential diffusion mechanism 

An understanding of the mechanism is essential in order to 

characterise the preferential diffusion process, Markstein (72) hes 

pointed out that diffusion of reactants in the preheat and reaction zones 

ean be caused only by concentration gradients that ere created by diffusion 

of combustion products into the umburned gas. This point appears not to 

have been receguised by most authors, although Manton et al (48) have 

clearly done so. The process is therefore one of counter-diffusion and a 

mobile molecvlar species must be present in the combustion products as well 

as the unburned gas mixture in order for its effects to be significant. 

The products of combustion are likely to consist of a mixture of the P 

  

inert constituents of the primary fuel-oxidant mixture, oxides of carbon, 

water vapour, and small concentrations of oxides of Nitrogen when air is 

the primary oxidant. No other molecular species are likely to be present 

in sufficient concentrations to provide a driving force for significant 

mass transfer. Of these molecular species, only water vapour has a 

molecular weight significantly lower than that of Nitrogen which will 

constitute the bulk of the gas when air is the primary oxidant. In his 

study of a Methane-Air flame, Datta et al (15) found water vapour in the 

preheat zone of the flame significantly further into the unburned gases 

than any of the other species formed by chemical reaction. 

Consider a fleme front wiich neets the bulk gas flow at an angled 

(Pig 2.1). Diffusion of mobile combustion products will occur in a 

direction et right angles to the flame front causing a concentration 

gradient in this direction of all molecular species present in the 

  

unburned 

  

There will, however, clearly be a greater 

zz 5



      

  

UNBURNED GASES 
FLAME 
FRONT 

DIAGRAM OF FLOW LINES TRAVERSING LAMINAR FLAME FRONT 

FIG. 2.1 
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concentration gradient for those species consumed in the combustion 

    

reactions. Thus al   ght molecular species is likely to diffuse towards 

the flame front in the direction of the driving force, i.e. the 

concentration gradient. This direction will only be that of the bulk gas 

flow when $ = 90°. 

Where a section of flame front of constant angle $ exists, the loss 

of a light species from a flow line will ‘be exa uctly balanced by the gain 

of that species from an adjacent flow line as the flame front is approached. 

Thus there will be no concentration variations in a direction parallel to 

the flame front (Fig 2.2). In practice the idealised situation illustrated 

  

in Pigs 2.1 and 2.2 is mlikely to exist as preheating of the unburned 

  

will distort the flow lines as the flame front is approached gradually 

increasing. However, the value of is unlikely to vary along the flame 

front provided there is no flame front curvature present, and so the 

principle remains unaltered. 

base of 2 

  

Consider now the region of flame front curvature at tly 

laminer serated oumer stat    lised flame (Fi Flow line 3 zasses 

  

through the point of stability. This is the only point on the flame front 

at which a flow line passes through it at right angles to the tangent to the 

flame front and at which the gas velocity exactly equals the local burnine 

    velccity. Plow lines 4 and C on either side of B diverge from 3B as they 

ass thro and reaction zones. A concentration driving force Di 

  

therefore exists for the migration of the light molecular species in the 

combustion products which will occur from flow line 3 to flow lines A and C 

by molecular diffusion, similarly the light molecular species in the 

unburned fuel-oxidant mixture will diffuse towards flow line B fron flow 

lines A and C. 

The directions of these fluxes is indicated on Fig 2.3. It nay be
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concluded that flame front curvature itself is not a pre-requisite for 

preferentiel diffusion to occur, but that the some type of flow régime is 

likely to give rise to the presence of both phenomena. 

It has already been indicated that it is the behaviour at the point 

of stability which governs the blow-off of the Plane and so the migration 

of a light species towards flow line B will influence the chemical, 

transport,and physical properties governing blow-off, i.e. Burning 

Velocity, ond the Density, Specific Heat and Thermal Conductivity of the 

unburned gas mixture. 

2.2 The influence of Preferential Diffusion on the 
flame stretch correlation 

In the calculation of physical and chemical properties for the 

evaluation of flame stretch factors, the compositionsof the unburned gases 

at the point of stability are assumed to be those of the bulk of the 

fuel-oxidant mixture. It has been shown that when preferential diffusion 

occurs, this assumption is not justified and an indication of how the 

assumption will influence the flame stretch correlation may be readily 

assessed. The errors arising in the evaluation of density, specific heat, 

and thermal conductivity would be small in comparison with the accuracy 

to which a flame stretch factor may be evaluated. Burning velocity is 

extremely sensitive to small changes in concentration, however, esg. in 

some systems, a x change in Hydrogen concentration may give rise to a 

change in burning velocity of almost 50/3.  Fleme stretch factor is 

inversely proportional to the sousre of burning velocity and so this 

could give rise to substantiel errors in critical flame stretch factor 

which would be quite unacceptable for burner design purposes. 

If burning velocity were the only parameter influenced to a 
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significant degree in blow-off considerations, however, values of critical 

flame stretch factor predicted by Reed's theory would be too high where an 

increase in fuel concentration gave rise to an increase in burning velocity, 

and too low when the converse was true. This is not consistant with the 

experimental data, however, for increases in fleme stretch factor are 

observed in both fuel-weak and fuel-rich systems. The reason for this is 

clear. In fuel-rich systems, preferential diffusion will increase the 

fuel concentration giving rise to a decrease in burning velocity bt also 

an increase in secondary combustion and hence an increase in heat transfer 

from the secondary to the primary reaction zones. This heat transfer 

process has already been shown to be responsible for the rapid increase in 

critical flame stretch factor with fuel concentration in fuel-rich systems 

by Reed and is clearly of equal importance in considerations of the 

influence of preferential diffusion. 

A method is therefore required to characterise the preferential 

diffusion process and assess the degree to which it will influence Critical 

Boundary Velocity Gradient. 

2.3 Quantitative assessment of the preferential diffusion process 

  

From the mechanism discussed in Section 2.1 it may be deduced that the 

following variables are likely to influence the degree to which preferential 

diffusion occurs. 

(i) Dy - Diffusivity of the mobile molecular species in the 
ie 

7 : 7 L 
combustion products [ pinensions a 

(41) x, - Concentration driving force of this species expressed 

as a mole fraction [Dinensioniess ] 

(444) D, - Diffusivity of the mobile species in the unburned 
ee 

gases [Dinensions - = Z 

mm) 50 no



(iv) Xo - Concentration driving force of this species 

expressed 2s a mole fraction [ Dinensionless | 

(v) Pp - Density of unburned gas mixture [Piseneions - ] 
(vi) Cp - Specific Heat of unburned gas mixture [ Dinensions = 

    

(vid) & - Thermal Conductivity of unburned gas mixture 

[ pinensions “gal 

It may be postulated that the degree to which preferential diffusion 

  

will occur moy be characterised by a dimensionless group (F) termed the 

preferential diffusion factor. 

By the "tw" theorem of dimensional analysis, which has been discussed 

  

in detail by Nessey (73) it may be stated:- 

Cm, Ty tee Tz) = 0 (2.3) 

where 1 = dimensionless group 

and g = n-=m 

where n = number of independant variables 

m = number of fundamental magnitudes 

In this casen = 8 no es mee = 3 

bet my * (0) CoP? (0) (on) 

In terms of fundamental magnitudes:- 

[1° ne oo x? 9°] - [3 ry" Liz] gies 
arison of dimensional coefficients:- 

  

Phen, by 

  

imeenre Ox = 2ny im Bp os ans 

ag 79 Cre = Be - oe 

a tye = ge



Thus ny 7 -my =n, = my 

ifn =i, Tee 2 

Similarly m, = 22 
i/ pep 

By definition TT; Sree: 

We wish to incorporate all the relevant variables into the analysis 

and as xy will relate to m™, and x5 will relate to m, the concentration 

terms will be considered as pert of the groups Ty and 1. Furthermore, 2° 

Fick's first law of diffusion states:- 

«“D dx (2.2) 
da 

where = Flux 

onc. gradient driving force 

a
 
a
e
 

0 

and so xy and x5 will be raised to the sane power as Dd and Doo Thuss- 

o| Pinteee Dee Ds I = 0 (2.3) 
F/pCp “/PCp 

This may be rewrittens- 

"get eet a 
Preferential Diffusion factor is a measure of fluxes and it therefore 

follows from Equation (2.2) that 

+ (33) Ge) 9 lypep ypep 
  

For convenience F will be defined as follows:- 

94% D,3 2 (2. 6) 

2 
No Su 

  

0 

  

nN
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The constant of proportionality which will arise from Equation (2.5) will 

be incorporated into the stability correlations in which F is present. 

It may be noted that F can be considered as the product of two Lewis 

Nunbers and two concentration terms. Thus Equation (2.6) becomes 

B= tex, Le yxy (2.7) 

The Lewis Number is normally used as a measure of the ratio of molecular 

to thermal diffusivities where "thermal diffusivity" in this instance refers 

to the analogous heat transfer process to mass transfer by molecular 

diffusion and not the mass transfer process induced by a temperature 

gradient driving force. 

1 would be possible to attempt to relate the preferential diffusion 

factor to one of the following:- 

(i) A change in concentration of the mobile molecular species in the 

unburned gas mixture 

(44) A change in mse velocity 

(444) A change in flane stretch factor 

(i) would have to be related to a change in stability which would present 

considerable problems in itself and so this idea was discarded. Of the 

remaining possibilities only flame stretch factor takes 

  

oO account the 

Be changes in both burning velocity and heat transfer from the secondary 

en this is significant. Furthermore, correlation with 

  

combustion zone 

(iii) would provide the simplest and most easily applied solutions for both 

  

burner design and the assessnent of interchangability of fuel gases on 

xisting burmmers. 

24 1 T si nS applied to aerated flanes 
  

  

From Equation (2.6) it will be seen that for aerated systens 
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the following approximation may be madet= 

Bt Dox Xo 

The values of Thermal conductivity, Density and Specific Heat are mlikely 

to vary greatly frou those of Air as this gas will form the bulk of any 

primary mixture to which the flame stretch concept is applicable. The 

Suffix 1 will elmost certainly refer to water vapour and so 25 may also 

be considered constant. 

xy will be influenced by the nature of the fuel gas, e.g. how much 

Hydrogen is present in each molecule, the concentration of the fuel gas, 

and the amount of Oxygen 

  

2t, although this is only important if there 

is insufficient for complete combustion. 

De will be influenced by the molecular weight of the light species in 

the unburned gases. 

Xo will be influenced by the stoichiometric ratio of the fuel gas or 

gases, and the degree of aeration. 

Table 1 has been compiled as a comparison of the values of Dos Xs 

and Xo for stoichionetric mixtures of the two lowest molecular weigh 

fuel gas, Ilydrogen and Iethane, with Air. Diffusivities were evaluated 

at the unburned gas temperature (in this case 20°C) as this cool region of 

the flame provides the greatest resistance to mass transfer. It follows 

ae = 15.2 (2.8) 

  

In flames in which Hydrogea forus only vart of the fuel ges nhixture, 

x, Will be reduced, but %y is lixely to retain a value of a similar order 

  

to that of a 

  

drogen-! as water will be forued from other 

  

ycrocarbon fuels present in the mbumied gas mixture. It has been show



  

Poel piste a Air %y Xo 
19/8 
  

Gas Ds @ 

Hydrogen 00532 x 10 “4 0.346 02296 

Hethane approx, 0.2 210°" 0.19 0.095             

Table 1. 

Comparison of parameters Do» xy end Xo for stoichiometric 

flames of rogen and Methane with Air. 

 



thet the behaviour of IMethone-Air flames can be predicted with reasonable 

accuracy by the flame stretch correlation, Equation (to) and so it may 

reasonably be deduced that as only Hydrogen has a lower molecular weight 

than Methane, Hydrogen is the only fuel gas likely to more readily 

preferentiolly diffuse. From the comparison of preferential diffusion 

factors given in Equation (2.8) it may be seen why only Hydrogen appears 

not to behave as predicted by the flame stretch theory of blow-off. 

2.4.2 Preferential Diffusion of Oxysen 

“ygen is unlikely to preferentially diffuse in aerated systems as 

    

nately one third that of Hydrogen and less than 

Furthermore, the 

concentration driving force Xp can never xceed 0.21 and is usually only a 

- fraction of this velue. The only situation in which Oxygen is likely to 

diffuse more readily than a fuel gas is when the driving force for such a 

diffusion process is sufficiently large that it overrides the effect of the 

  

low diffusivity. such situations, however, the water vapour 

concentration driving force may not be large enough to enable enough 

\ 
Oxygen to diffuse to influence stability. 

An increase in fuel ges concentration in an aerated system will elways 

ive rise to increased flame stability. An increase in Oxygen 

concentration, however, will not automatically do so. A flame with an 

  

increased Oxygen concentration will have a higher burning velocity than a 

  

normal flane provided the two have the same fuel concentration expressed 

  

as a fraction of stoichiometric. The diffusion of Oxygen will 

effectively reduce the fuel concentration, however, and this may give rise 

to either an increase or a decrease in burning velocity depending on 

whether the flame is leaner or richer than the fuel concentration at which



  

her with the 

  

mun burning velocity occurs. How these factors toge 

  

8 in heat transfer fron secondary to primary reaction zones cor 

  

to influence stability can only rea 

  

ily be determined by the study of 

specific cases. As Oxygen diffusion in a s is unlikely to be 

    

of any p nificance, the problem has not been pursued either 

heoretically or experimentally. 

Apart from that cited by Reed and discussed in Section 1.2.6 and show 

to be of doubtful validity, there is no data aveilable on the correlation 

   
of blow-off characteristic of fuel-oxygen systems by the flam     

  

concept. It is possible, however, t: the large concentration gradients 

  

eave: 

  

olec able for the diffusion of 

  

species of comparatively low 

nobility may make preferential diffusion significant in such situations. 

  

In order to assess the influence of preferential diffusion fron a 

practical point of view, three pieces of experimental work have been 

carried out. 

  

(4) In order to correlate calewlated values of preferential di: 

factor with experimental data, a study has been made of laminar 

aerated Hydrogen-Propane-Air flames stabilised on cylindzical 

burners. Critical boundary velocity gradient and burning 

velocit ty data were obtained and correlated by the flane stretch 

method, and from this a technique was develoved to predict the 

influence of Hydrogen on the blow-off leminar eerated flames. 

The Hydrogen-Propane-Aixr System was selected as it afforded the 

ties which   opportunity to study mixtures with burning veloci 

varied by as much as a factor of ten and some of the mixtures 

studied would have somewhat sinilar properties to those which



   

  

may be used as Synthetic ural Gase It was also know that the 

   Propane-Air System adhered closely to the behaviour predicted i 

the flane stretch theory. 

  

The prediction method developed in the first section of 

experinental work was tested by two techniques. Firstly, 

experimental data of other workers was correlated an 

statistically compared with data predicted by the method. 

Secondly, in order to test the method using a wide range of 

physical properties, the inert constituent in the Air (Nitrogen) 

was replaced in turn by Argon and Heliwa, and critical boundary 

  

velocity ¢ mt and burning velocity data redetermined for the 

  

Hydro cer Hyd: Propane-"Air" System. This has also been analysed and 

    
compared s tically with predictions made by the nethod 

entration profiles in the stabilising region of    flemes have been studied with 6s’ Sydrogen in 

ive and degrees of 

        

aeration equivalent to C.5, 

iometric. This particular fuel gas mixture 

es it provides a reasonable compromise between the 

ydarogen flux with increasing Hydrogen concentration 

  

gecrease in preheat zone thickness in which 

to datect concentration changes attributable to preferential 

diffusion. Sampling wes carried ont with a quartz microprobe 

and a gas chromatograph was used for sample analysis. 

In both sections (4) and (iii) similer data for the Ethylene~-Air Systen 

was obtained for the purpose of comparison. Kowever, in section (iii) 

Ethylene, than Hyérogen concentretions were determined.   



 



3 3. EXPERIMENTAL APPARATUS AND TECHNIQUES. 

3.1 Flow Metering 

3-1-1 Choice of Flow Meters 

It was required to meter accurately and blend thoroughly a maximum 

of ao eee fuel gases, supplied from high pressure cylinders, with 

a primary oxidant supplied either from a high pressure cylinder or a 

main at 70 “‘1v/in® gauge. A wide range of flow rates of each gas were 

to be metered and so to avoid the necessity for a large nunber of meters’ 

for each gas a type of meter was sought which could be used for all of 

the flow-rates likely to be encountered in the work. Three types were 

considered: - 

(i) Variable area flow meters. : 

(ii) Porous plug flow meters. 

(iii) Orifice plates (subcritical jewelled type). 

Of these, the subcritical jewelled orifice, the design, construction, and 

use of which have been investigated by Sprange (74), are likely to provide * 

the most accurate results, as corrections for variations in temperature 

and pressure can be made without loss of accuracy. They are, however, 

not readily available and are therefore expensive, require sophisticated 

pressure drop monitoring equipment, and each orifice is applicable to 

only a very limited range of flows. Porous plug flow méters can be 

criticised similarly for their lack of versatility. It was therefore 

decided to use variable area flow meters as they are well tried and known 

to be reliable when calibrated carefully, are fairly inexpensive, and can 

be used over a wider range of flows than any of the alternatives 

considered. A total of nine meters were used, five of which were 

nenufactured by Rotameter and four by Fischer and Porter, ‘Tables 2 - 5 
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show the meters employed for each gas and their approximate volumetric 

flow ranges measured at atmospheric pressure and 18°C. ‘Table 6 lists 

flow meters which were also calibrated for other gases over the ranges 

indicated. 

3.1.2 Pressure and Temperature inonitoring and control 

High pressure cylinders were fitted with pressure regulators 

recommended for use with the gas in question by the gas supplier. 

Primary and secondary Air was supplied from the University main at 

70 1b/in®. This pressure was reduced by means of a pressure control 

valve to about 20 1b/in® and a pressure relief valve was installed to 

relieve at 25 1o/in® downstread of this valve for safety purposes. 

Norgren pressure regulators were installed on the flow control panel te 

enable accurate pressure control of fuel gases and primary oxidant. Flow 

control was carried out using needle valves of which the majority were 

V4 daa sized. The pressure of each gas was monitored at the flow meter 

outlet by means of a water manometer which could be read to an fee, 

of iS 0.05 in. water gauge. 

The gas temperature was also monitored on the outlet ‘of each flow 

meter with a mercury thermometer calibrated to an accuracy of s Ol1°C. 

This wes verified by comparison with a standard thermometer. A similar 

thermometer was installed on the inlet to the burner to provide an 

accurate indication of the final temperature of the unburned gas mixture. 

No temperature control was provided but the laboratory was of a 

sufficiently constant temperature to ensure that the final temperature 

of the unburned mixture was always in the range 293°K = af, 

The atmospheric pressure was measured by a Mercury barometer and ‘a 
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small correction made for,the difference in siting of the barometer and 

experimental ‘vig. 

A detailed flow diagram is shown in Fig 3.1 and a photograph of the 

flow control panel is included in Plate 1. The secondary atmosphere 

control was not situated on the main control panel and no temperature 

and pressure monitoring equipment was fitted on the outlet of flow 

neter F.9. This was because only a rough indication of secondary 

atmosphere flow rate was required. 

ving and safety equipment 

  

3e1.5 Gas Drying, |! 

3 gol Drying 

The fuel gases and primary oxidant were passed through drying towers 

containing silica gel. These towers were sited upstream of the flow ; 

control panel pressure regulators and a sintered glass filter was 

connected to the outlet of each drying tower to remove particles 

entrained in the gas. In order to gauge when the silica gel was spent, 

and also to remove any moisture diffusing into the dry gases from the 

manometers, a small U-tube packed with self-indicating silica gel was 

fitted in the line after the point at which the primary fuel-oxidant 

mixture was blended. When this indicated that moisture was present in 

the mixture, the drying agent in all three towers was replaced. 

The secondary oxidant was also passed through a silica gel packed 

drying tower which was situated on the inlet to the secondary oxidant 

distributor. Mo filter was provided as it was felt that the distributor 

system would itself fulfill this function. 

301.3.2 Mixing 

The primary mixture was blended in two stages. The fuel gases wero 
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KEY TO FLOW DIAGRAM (FIG. 3.1) 

Isolation Valve. 

Flow Control Valve. 

Pressure Control Regulator. 

Pressure and Flow Control Valve or Regulator. 

Pressure Relief Valve. 

Non-return Valve. 

Temperature Indicator (Thermometer). 

Pressure Indicator (Manometer or Bourdon Gauge). 

Drying Tower. 

Sintered Glass Filter. 

Flame Arrestor. 

Purge Point. 
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PLATE I FLOW CONTROL PANEL FOR PRIMARY FUEL-OXIDANT MIXTURES.
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first mixed by means of a normal "tee" compression fitting. The fuel gas 

mixture was then introduced into the primary Air by means of a pitot tube 

sited in the centre of the primary Air tube pointing upstream. The fuel- 

oxidant mixture then flowed through approximately 5m. of 0.5 in. diemeter 

‘copper tubing in which were fitted seven 90° elbows! to ensure perfect 

mixing. 

This long length of tube caused a delay between adjustment of flow 

meter settings and the corresponding change in primary mixture composition 

at the burner inlet. However, it was felt that this minor inconvenience 

was of little importance compared to the need to engure satisfactory 

mixing. 

3.1.5.5 Safety 5; 

Tefore entering the burner, the primary mixture passed through a flane 

arrestor manufactured by "initmesh" and designed for use with all fuel 

cases including Hydrogen. As on additional safety precaution a nen-re tun 

valve was fitted in the primary Air ninetne as to ensure that fuel gas 

could not wider any circumstances flow into the University compressed Air 

Main system. 

Leak testing was carried out by pressurising the entire system with 

compressed Air to a pressure in excess of thet used under normal operating 

conditions and each joint was tested with soap solution. This procedure 

was repeated regularly. 

3.1.4 Plow Neter Calibration 

Flow meter calibration curve prediction methods were specified by 

both manufacturers of flow meters. Because of the need for a very high 

degree of accuracy, however, it was decided to calibrate each flow meter 

ices



experimentally with the actual gases to be metered. A standard wet gas 

meter was used for the purpose. 

It was necessary to determine whether the moistening of the gas in | 

the meter would be sufficient to influence the accuracy if the volumes 

recorded were assumed to be on a dry basis. To do this, several 

experiments were carried out by coupling a dry gas meter, first to the 

inlet, and then to the outlet of the wet gas meter. Different flow 

rates of a number of gases were passed through both flow meter 

configurations and the flow notes calculated from the volumes recorded 

by each meter were compared. It was concluded that when the dry gas ; 

meter was coupled to the wet meter outlet, the flow rates were similar, 

as expected. When the arrangement was reversed, a maximum discrepancy, 

of 0.2% of the dry meter reading was recorded. This figure was 

considered small in comparison with inaccuracies in flow metering 

introduced by other factors and so no corrections ee made to the gas 

volumes recorded by the wet meter. 

The flow meters were calibrated by measuring the time for the wet 

gas meter pointer to complete a minimum of one complete revolution. 

If one complete revolution of the pointer took less than two minutes, 

the least number of complete revolutions taking longer than two minutes 

was recorded. Timing was carried out using a stop watch accurate to 

2 0.1 8. Tach flow meter reading was reset three times and the average 

of the three flowrates used for plotting the calibration curves. Small 

flow rate increments were used so that normally about twenty-five 

different flows were used to plot each calibration curve. When 

expensive gas mixtures were being used, however, it was not possible to 

use as many points to plot the curve as for cheap gases because of the 
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large volumes of gas required for such determinations. In the case of 

Propane, a cylinder of slightly less pure gas was obtained for flow 

meter calibration than was used in the experimental work itself. 

Cremer and Davis (75) have indicated that when a variable aren flow 

meter indicates the seme reading for two gases, 1 and 2, of differing 

density, it follows that:- 

®% G - ley (3.2) 

a (pf = P}) Pe 

where pf = density.of flow meter float. 

When the fluids being metered are gases, it follows that 

PLD Py and Pi®> py , 

in which case 

eee [ | ae (3-2) 
Q) P2 

eo 

Equation (3.2) has been used both in the production of calibration curves 

and correction of indicated flow rates og yalnee applicable to the 

particular conditions of temperature and pressure under which 

experiments were being carried out. An analysis of the maximum error 

arising in flow metering is given in Appendix 2 and has been estimated 

to be * 1.5%, 

3.2 Gas Purity 

The gases detailed in table 7 were used in the course of the work. 

The purities quoted were those specified by the suppliers and were not 

verified experimentally.
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325 Determination of critical boundary velocity pradient data 

3e3s1 Choice, desig and construction of sas bumers 

Burners were required which would enable the critical boundary 

velocity gradient to be easily and accurately determined fron a 

lmowledge of the volunetric flowrate of the primary mixture at blow-off. 

eee this reason it was decided to use four cylindrical tubes of different 

dinmeters sufficiently long to ensure a fully developed laminar velocity 

profile of gases emerging from the ports. The burners were made from 

drawn stainless steel tube and were attached to the primary mixture line 

by means of brass compression fittings. Bird, Stewart, and Lightfoot 

(76) have stated that to ensure a fully developed laminar velocity profile, 

the minimum tube length (13) is given by the following formula. - 

Ly = +0035 Red 533) 

Ca tube diameter 

It may be assumed that the maximum value of Reynolds Number will be 2100 

and therefore the minimum tube length will be given by 

La ou 138000 (3-4) 

It may be seen from the burner specifications in table 8 that some are 

substantially longer than required by equation(3.4. This was to enable 

easy interchange of the burners without the necessity for modification 

of the secondary atmosphere distribution system. External diameters 

were determined with a micrometer and internal diameters with a 

travelling microscope. 

3.322. Secondary Atmosphere distribution 

The burner was situated in a cylindrical tower 0.175 m diameter up 

which the secondary atmosphere was passed at an average velocity of 
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0.02-0.04 n/s. This velocity was not critical, the only requirement 

being that it was sufficiently high to prevent recirculation of 

combustion products and gaffioiently low to prevent disturbance of the 

flene. The tower extended to a height approximately 0.5 m above the 

burner porte © The secondary atmosphere was distributed by a sparge ring 

at the base of the tower and above this was a fine wire gauge supporting 

@ layer of 0.006 m diameter glass ballotini about 0.03 m thick. This 

secondary distributor was present to iron out any major flow 

irregularities which might be present. As there was no need for 

accurate flow metering of the secondary oxidant, the flow meter 

manufacturer's calibration for air was used and corrections made for the 

gas density changes by equation (3.2) when other oxidants were used. ~~? 

Two windows were cut on diametrically opposed sides of the tower 

to enable a beam of light to be shone through the tower passing through 

the flame. The windows were covered with pyrex plate glass which, while 

not being optically perfect, were of sufficient quality for the burning 

velocity determination technique adopted. This will be discussed in more 

detail in section 3.4.3. The windows were also essential for observation 

of the flame when determining critical boundary velocity gradients. 

    
erimental technique 

  

' The following experimental technique was adopted. The fuel gas Llow 

rates were set to give the required volunetric flow and ratio of the 

constituants. The Air was then set at a low enough value to enable a 

laminar flame to be stabilised on the burner. This flow rate was 

gradually increased making the flame progressively leaner until blow-off 

- 62 -



occurred. Sufficient time was allowed after each flow rate increase to 

take account of the lag between the alteration of the flow rate and the 

change in composition of the flame. This procedure was repeated several 

times and the average critical flow rate established. The following 

formula was then used to calculate the critical boundary velocity gradient 

and may be derived from the Hagen-Poiseuille equation. 

ao = 2 (3.5) 
7 a? 

The upper limit for blow-off determinations was the onset of the 

transitional flow xréfime. This was vinibie by the slight pulsations of 

the flame which were eiserved when Reynold's Number exceeded 2000. As 

an additional check, Reynold's Number was calculated for all blow-off ; 

determinations, even when no visible sign of turbulence was observed. 

fo check the reproducibility of the experimental procedure, a few 

experiments were carried out using only one fuel component, by holding 

the Air flow constant and reducing the fuel gas flow rate. These were 

compared with the values obtained by holding the fuel flow constant and 

increesing the Air flow rate, but no variation in the critical flows 

were detectable between the two cases. 

Investigations were carried out on each burner for each fuel pas 

mixture over « range limited by the onset of turbulence at one extreme 

(fuel rich) ond the weakest mixture with which a flame could be readily 

stebilised at the other. - The latter limit was caused either by flow 

metering problems or the difficulty of avoiding light back in the 

determination of the criticel flow rates. The formation of polyhedral 

flames also proved to be a limiting factor in some instances.



Polyhedral flames were sometimes observed in rich flames when the 

"fuel gas had a high Fropane content or in lean flames when the fuel gas 

had a high Hydrogen content. Some Hydrogen-Air flemes could not be 

readily observed with the naked eye and so a shadow image of the flame 

was projected onto a screen using a high pressure mercury arc source, 

a@ concave mirror, and a screen as shown in(Fig 3.2). A more detailed 

description of the items of optical equipment used is given in 

section 3.4.3.1. Where polyhedral flames were observed, no eeitioal 

boundary velocity gradient determinations were carried out as it is 

known already that such flames give rise to erroneous blow-off data. 

Normally, a flame of similar fuel concentration was stabilised on a 

larger burner and this was sometimes found to eliminate the Rone iecivenie 

structure. Where this was not the case, however, the formation of the 

polyhedral structure provided the limit for blow-off determinations. 

323-4 _ Details of experiments carried out 

Table 9 lists the fuel oxidant systems which were studied over the 

ranges of fuel concentrations indicated. The values of critical 

boundary velocity gradient have been plotted against fuel concentration 

on the graphs indicated in table 9. 

The investigations represented in Graphs 10-15 were initiated 

only after the detailed analysis and interpretation of the data 

represented in Graphs 1-9 and 16-23. 

3.4 Determination of Burning Velocity Data 

ZeA.1 Choice of method 

: _in order to analyse the critical boundary velocity gradient data 

vy the flame stretch concept it was felt essential to determine buming
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velocity data for all of the systems detailed in section 3.3.4. It has 

already been show that burning velocity inconsistencies give rise to 

the greatest errors in flame stretch factor determination and so in 

choosing a method for this study, consistency was a more important 

requirement than absolute accuracy, although clearly the latter was also 

not undesirable. The second major requirement was for rapidity of data 

determination as to study*all the systems would need a minimum of in 

excess of one hundred and fifty-separate determinations. 

It was felt that a burner method best met these requirements. 

These methods may be subdivided into methods employing flat or button 

shaped flames, and methods employing conical flames. Doubts have 

recently been cast on the accuracy of values obtained by flat flame 

methods. The matter has been discussed in general by Andrews and Bradley 

(44) and 2 particular technique which was used for the interpretation 

of blow-off data by Edmondson and Heap has been discussed by Pritchard 

(77). It was therefore decided to employ a technique which used a 

conical flame. Two alternative approaches were available. 

(i) The first approach was to establish a flame which approximated 

reasonably to a perfect cone. By determination of the local 

gas velocity (V) either by a particle track or pitot tube 

nethod, and the cone angle ($) by direct measurement from a 

photograph, burning velocity may be calculated from 

equation (3.6). 

Su = V Sing (3.6) 

To establish a. perfect cone, most workers have used 2 "bell" 

shaped nozzle burner to produce a flat topped velocity profile 

more



(a4) 

of the gases emerging from it. Rutherford and Fells (78) 

have suggested that such a velocity profile may be produced 

on a burner somewhat more easily and cheaply constructed in 

which the "bell" shaped section was replaced oe a flat plate 

in which the port is drilled. This claim has not been 

verified by other researchers, however. 

The second apprdach relies on the assumption that a 

constant value of burning velocity exists over the eabiva 

flame front. This assumption is not unreasonable for flame 

fronts with little curvature as is the case over the greater 

part of a conical flame. Only at the base and tip of the 

flame would the assumption not be valid and so the average 

value of burning velocity ovér the flame front will be 

effectively the same as the required value. By determination 

of the flame front area (A) and the volumetric flow rate 

of the unburned gases (Q), burning velocity may then be 

Hetaenined from equation (3.7) 

su = } (3.7) 

Three methods are available to locate the flame front in 

order to determine its area, evieee being by photographing the 

visible cone, the shadow cone, or the schlieren cone. The 

merits of each have been discussed by a number of authors 

including Garner et al (79) and the schlieren cone showm to be 

most likely to provide accurate results. Even this method 

has been shown recently, however, (44) to give too high a value 

of the flame front area and thus too low a value of burning 

velocity. 
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Method (i) was thought to give the most accurate values of burning 

velocity but was also likely to be time consuming. Method (ii) was 

therefore selected for use and it was decided to employ a schlieren 

optical system for flame front location. There are many optical 

arrengenents suitable for schlieren photography and the selection was 

governed by cost and versatility. 

As an indication of the errors arising from the use of these and 

other methods of burning velocity determination, data published by 

different authors has been compared for the Propane-Air system by 

Gray et al (80) and for the Methane-Air system by Andrews and 

Bradley (61). . 

de4.2 Choice of burner 

It has already been pointed out that the accuracy ofthe technique 

miogtea is dependent on the reduction of the influence of flame front 

curvature to 2 minimum. With this in mind, two alternative types of 

burner were considered for use. The first of these was the normal 

tubular burner described in section 3.3.1 whith produces a parabolic 

lominar velocity profile. The second type considered for use was the 

"bell" shaped nozzle burner discussed briefly in section 3.4.1 which it 

was hoped could be made so as to produce a flat topped velocity profile. 

It was felt that if a burner of the latter type could be successfully 

constructed, a slight increase in accuracy ‘could be obtained over results 

obtained using the former type of burner. 

With this in mind, y nozzle burner very similar in dimensions to 

that described by Scholte and Vaags (82) was constructed and preliminary 

tests were cerried out.  Uxperiments were performed both with and without 
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the use of washers to vary the distance between the top of the bell 

Buaped section, which was water cooled, and the burner port. . In ‘ 

neither case could aconsistently conical flame be produced. It was 

felt that this might be chused either by surface imperfections in the 

"bell" shaped section, or the presence of an insufficient number of 

flow straighteners in the main section of the burner. Two modifications 

were therefore carried out. The bell shaped section was removed and the 

inside electroplated and then polished. Additional flow straighteners 

were also installed. This enabled an almost perfect conical flame to. 

be produced but ‘it was found that the bell shaped section required 

regular removal and repolishing in order to maintain a satisfactory flame. 

It was therefore decided that the marginal increases in accuracy , 

which might arise from the use of this aren did not warrant the 

additional time required to regularly remove and repolish the bell shaped 

section. It was thus abandoned in favour of the tubular bumers. The 

najority of the work was carried out using burner No.l, although io.3 

was used in some instances where flames of high burning velocity mixtures 

were being studied. In such instances, attempts to stabilise a laminar 

flame of the desired composition resulted in light back on burner No.l. 

3e4e3 Description of experimental equipment and techniques 

Ze4e501 Schlieren optical system 

The system utilised is illustrated in (Fig 3.3) and was mounted on 

two parallel optical benches each 2m long and placed on either side of 

the secondary atmosphere distribution tower. 

The light source was a 250 vate high pressure mercury are the light 

from which was emitted through a 0.025m diameter window. A collimator 
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was used to produce an almost paretiel ‘beam of light which was focused 

ete pinhole with a 0.508 m focal length biconvex lens. The size 

of the pinhole used governed both the clarity and brightness of the 

schlieren image produced. An increase in brightness automatically 

geve rise to a decrease in clarity and the choice of pinhole éianeter 

was of necessity governed by a compromise between these two. These 

pieces of optical equipment thus combined to provide a high intensity 

point source of light. 

A schlieren concave mirror 0.116 m in diameter and with a focal 

length of 0.955 m was used to produce a parallel beam of light which 

passed through the flame to en exactly einiver concave mirror which 

refocused the beam to 2 point 0.935 m from the second mirror. At this’ 

point, a knife edge or graded filter was positioned when required. The 

schlieren image of the flame was produced 0.935 m beyond the knife edge 

position and it was at this point that the camera was situated. A 

single lens reflex camera from which the lens had been removed was used 

and the image of the flame was projected directly onto the shutter which 

was in the focal plane. Kodac Plus-X film was used (125 ASA) and 

exposure times were determined by trial and error but were normally in 

the range 1/125 - 1/1000 s. 

For perfect schlieren pictures, optically perfect windows would 

have been needed for the secondary atmosphere tower. Because of the 

very high cost of these, however, high quality pyrex plate glass wes 

used and this produced a slightly mottled pattern superimposed on the 

entire schlieren photograph. « This did not, however, give rise to any 

loss of accuracy and was merely a minor inconvenience. 
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The complete optical system, together with the burner, was housed in 

a framework approximately 2 mx 2 mx 2m. covered by fire resistant 

blackout curtains and fitted with a lightproof flue. 

24-562 The use of knife edges 

The photograph produced when no knife edgeswere used consisted of an, 

image of the visible flame cone eh was superimposed the schlieren 

image. Knife edges have been used by many authors to eliminate the 

visible image and make interpretation and measurement of the schlieren 

image easier. Three imife edge configurations have been used and all 

have been discussed by Pickering and Linnett (83). . Of these 

‘configurations, the horizontal knife edge is of little practical use. 

Both single and double vertical knife edges have been used with suecesee 

and of these the single edge has been by far the most popular arrangement. 

The schlieren image produced appears to have one light side and one dark 

side end the image becomes progressively darker as the knife edge is 

moved to exclude more of the light. A good schlieren image by itself 

can be obtained if a point source of very high intensity is used. In 

this case, however, financial limitations had not made the procurement 

of such a source possible and so it was decided not to use a Imife edge 

but to interpret the superimposed visible and schlieren cone image. 

Determinations carried out on the Propane-Air system using this approach, 

Gave values of burning velocity similar to those of other workers who 

used the schlieren technique and therefore the method was considered 

acceptable. Plates 3 and 4 show flames photographed with and without 

the use of a single vertical knife edge. 
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ned 5 

s VISIBLE IMAGE 

SCHLIEREN IMAGE 

   
PLATE 3 SUPERIMPOSED VISIBLE AND SCHLIEREN IMAGES OF AN ETHYLENE-AIR 

FLAME . 

  

PLATE 4 PROPANE-AIR FLAMES, THE RIGHT HAND SIDE OF THE VISIBLE IMAGE 

HAS BEEN REMOVED BY THE IMPOSITION OF A KNIFE EDGE. THE POOR 

DEFINITION IS A CONSEQUENCE OF THE NECESSITY TO INCREASE THE 

PIN HOLE SIZE IN ORDER TO ENABLE THE SCHLIEREN IMAGE TO BE 

PHOTOGRAPHED IN THIS WAY. NOTE ALSO THE PRESENCE OF 

INTERFERENCE PATTERNS ON THE LEFT HAND PHOTOGRAPH.



‘ 324.35-3 Experimental technique 

After the fuel ges flow rates had been set, the Air flow rate was 

adjusted to give a flame of the desired degree of aeration. Fhotographs 

of the image produced were then taken using several different exposure 

times. The degree of aeration was then altered to a new value and the 

procedure repented. Normally three photographs of each of twelve 

different flames were taken on each film. After developing, 

enlargements were made of the best photograph of each flame and although 

the size to which the flame was enlarged was not critical, care was 

token to ensure that the degree of magnification was kept constant for 

all photographs printed from the same film. The burner diameter was 

then measured from each print and the values averaged to enable the , 

degree of magnification to be determined accurately. A magnification 

of approximately five times was normally used. The height of the flame 

as governed by the volumetric flow rate of the ‘fuel oxidant mixture and 

wes set at a value at which the image of the flame and burner occupied 

the whole frame of the camera (0.036 m high). Normally, at least 0.005 m 

of the burner was photographed for scaling purposes. 

3.4.4 Method of analysis of photographs 

The method used was that utilised previously by Senior (84). 

Firstly the cone was split into a large number of frustra by stepping 

down the flame front from the ees with dividers. The exact step 

length (a) was determined by measurement of several such steps and 

averaging. This procedure results in a small step (b) left at the base 

of the cone. Radii ry to x, ore then constructed as shown on(Fig 3e4e) 

If distance'a'is small enough it may then be assumed that the cone 

@ Th



  
FIG. 3.4 ANALYSIS OF SURFACE AREA OF CONE 

FROM SCHLIEREN PHOTOGRAPH. 
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surface between adjacent radii is without curvature. Hence the surface 

area (4) of the frustrum bounded by radii r, and r, may be approximated 

as follows t- 

Ay = Tra(ry + Py) 

similarly | Aare Tra(r, 7 r;) etc. 

Ao Ta(z,_» " 1) 

nels mro(r, 4 a z,) 

A, = a ry 

Now the surface area of the cone (A) is given by 

  

A = A. 
o 2. 

te #: = rs 3 is a m(r, + r,) Hoe Welt cota ‘na | (3.8) 
‘ : ae 

Most methods require the measurement of the cone angle at a 

number ofyoints on the flame front. Senior felt that the errors 

introduced by the assumptions made in his method would be small compared. 

to those arising from such measurements provided 'n' was large. In 

these experiments, distance 'a' was not more than 0.003 m and normally 

n>15.' Distances 'a' and 'b! were measured with a travelling 

microscope and radii ry to r, with a graticule scale subdivided to 

0.0001 m. 

224-5 Details of experiments carried out 

Table 10 lists the fuel-oxidant systems which were studied over the 

ranges of fuel concentration indicated and graphs of fuel concentration 

against burning velocity plotted as detailed in the table. 

There are considerable discrepancies in the burning velocity data 

=i76.6
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Propane 0.84 = 1.29 Air 16° 

po Se 0.91 - 1.29 Air 7 
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ae Eo 0065 = 1645 Air 20 
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Ethylene 0.70 = 1.52 i Air 23 
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amor || 0.69 = 2456 renee 
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Table 10 - Systems for which burning velocity - fuel 

concentration relationships were studied 
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cited in the literature by different authors for the Hydrogen-Air system. 

‘The determination of such data experimentally would have proved extremely 

inaccurate using the keommaaus by which the other data had been obtained, 

however, because of the impossibility of stabilising a laminar flame on 

all but the smallest of cylindrical burners and then only by using the 

leanest of flames. Graph lNo.22 shows a considerable scatter of points 

which occurred for this reason when the fuel with 9570 Hydrogen was used 

and it was anticipated that the scatter would be event greater with the 

Hydrogen-Air system. Dixon-Lewis (68) has recently computed vurning 

velocity data for this system from chemical reaction rate and transport 

phenomena considerations and close agreement has been obtained with 

experimental data determined by Edmondson, and Heap and Guenther and . 

Janisch. The combined experimental data of these authors was therefore 

used in this work and has been plotted on a comparable basis to the data 

determined experimentally in this project in Graph No. 30. The maximum 

burning velocity is considerably greater than most values cited in the 

literature but is recognised as the best value currently available. 

3.5 The analysis of concentrations of stable species in oree 

3-51 The choice of method and principles by which it operates 

The major considerations in the choice of a suitable method of 

analysis weret- 

(4) The flame front should not be disturbed in such a way as to 

alter the stability characteristics of the flame. 

(ii) The method should be capable of measuring point concentrations 

of Hydrogen or Ethylene to an acceptable degree of accuracy. 

(444) A high degree of resdlution was required because of the 
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extremely small thiclmess of the preheat and reaction zones 

of the flame front. 

Ideally, the first requirement would have best been met by a 

method which aia not require the removal of a gas sample from the flame. 

‘Spectroscopy has been used to study radical concentrations in flames but 

was considered unsuitable for this type of work as it could be used 

neither to analyse the molecular species in question nor to provide the 

resolution required. It was therefore necessary to employ a method 

requiring the removal of a small sample of gases from the flame front 

and the analysis of this sample. 

Such a system has been described by Fristrom and Westenturs (85) 

and subsequently used by several other workers and it was from these 

studies the system used in this work was developed. A quartz 

nieroprobe was positioned iene a flow line to remove a sample from the 

flame. Provided the probe orifice was small and the probe was shaped * 

in an aerodynamically favourable way, no disturbances of the flame front 

were detectable. In order to prevent further reaction of the gases 

after sampling, the gases were withdrawn at a sufficiently high rate to 

cause sonic velocity through the probe orifice. The adiabatic expansion 

and subsequent cooling of the gases was sufficient to quench the flame 

reactions. This sampling technique has been investigated in detail by 

nembers of the Gas Council Combustion Research Group at Watson House and 

their calculations have shown that in a fairly typical situation, such 

an adiabatic expansion might be expected to reduce the sample temperature 

of a flame at 1500°% to as low as 350°K. They have also investigated 

the influence of probe orifice diameter on resolution, and sample pressure 
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on reproducibility. 

Tw6 instruments were considered suitable for sample analysis, these 

being a gas chromatograph or a mass spectrometer. No instrument of the* 

latter type was readily available. However, a suitable gas chromatograph 

was available and so was selected for use. 

325-2 Construction, testing and positioning of microprobes 

The probes were constructed from 0.003 m outside diameter quartz 

tubing. Tubes of both 0.001 m and 0.002 m internal diameter were tested 

and the former found to be more satisfactory for reasons discussed in 

section 3.5.6. The first stage of construction was to cut a length of 

tube about 0.01 ui longe One end of this was bent to form a hook and the 

tube was then clamped vertically with the hook at the bottom. It was’ 

then drawn to a fine capillary just above the hook with the use of 2 

Glass blower's Town gas-Oxygen burner to which was attached a micro- torch. 

Snall weights, constructed from small nuts and washers hung on wire loops, 

were hung on the hook to produce an even taper of the tubing. Thus “the 

tube internal diameter was reduced from 0.001 in to 0.0001 nm evenly over 

a distance of 0.015 - 0.02i;. The size of the weight hung on the tube 

was reduced as the size of the neck decreased. The tube was then cut 

with a fine quartz fibre at the end of the tapered section and inspected 

through a microscope to ensure the cut was at right angles to the tube 

exis. The orifice diameter was then further reduced to a diameter in 

the range 0.00008 - 0.00003'm by careful use of the micro-torch. During 

this’ stage of the construction, the probe orifice was viewed through a 

travelling microscope pointed along the tube axis. The orifice appeared 

as a black dot in the centre of the hot quartz and its diameter could thus 

be determined after each application of the micro=torch by direct



measurement. In this way a probe could be constructed such that its 

orifice diameter was within : 0.00001 m of the desired value. The most 

difficult aspect of construction was found to be the cutting of the tube 

‘without splintering after ,it had been tapered. Even after practice, a 

success rate of less than 50% was achieved in this operation. Any 

excess quartz present at the tip of the probe was ground away with a fine 

moist Arkansas Stone to give a more aerodynamically favourable shape which 

would minimise the chances of flame front disturbance. 

The probes were mounted and positioned in a Prior micro-menipulator 

capable of movement in three perpendicularly opposed planes. The 

Peedi ater was capable of measurement by means of a vernier scale to 

0.0001 m and had an additional facility which enabled the probe to be . 

held at any angle. Probes were tested by connection to the sampling 

system which is described in detail in section 3.5.4. The probe was then 

positioned so that the tip was approximately 0.0001 m on the burned gas 

side of the primary flame front and 0.0005 m above tie burner rim. A 

poorly constructed probe caused the flame to lift at this point from the 

burner rim. If no lifting was observed under these conditions, it was 

not found possible to detect any other form of flame front disturbance. 

Whether a probe proved satisfactory appeared not to depend on the orifice 

diameter but rather on the shape of the tip. The orifice diameter did, 

however, affect both sampling rate and resolution, an increase in one of 

these automatically causing a decrease in the other. Some compromise 

waa thus necessary in order that the time lag between a sample entering 

the probe and reaching the gas chromatograph sample loop was not too 

ereate 

- &l-



Dede Sample system construction and testing 

A @iagram of the system is shown in (Fig 3.5) and a photograph in 

Plate 5. In order to determine sample compositions, it was necessary 

to lmow the pressure and temperature of the sample. Rather than 

meagure the sample temperature, it was decided to use a constant 

temperature bath through which the sample passed. The tubing from the 

bath outlet to the semple loop was lagged to minimise heat loss and the 

constant temperature bath controller was set to control at the 

temperature of the chromatograph oven. The sample pressure was measured 

with a transducer rather than a manometer so that the dead.volume present 

  

in the limb of a manometer could be eliminated. An instantaneous pr 

reading was required and so the transducer convertor was coupled directly 

to a digital voltmeter. The digital voltmeter readings were calibrated 

  

nst o manometer comected to the tee adjacent to the transducer as 

shown on the flow diagram. The transducer’ selected for use was an 

anangeive transducer with a differential pressure range of 0-20 1b/in?. 

4n Edwards vacuum pump was used to withdraw samples on a continuous basis 

and the sample pressure was controlled by the use of the valve attached 

to a tee on the pump inlet. 

It has been suggested that in order to obtain sonic flow through the 

probe orifice, a pressure ratio of at least 2.2 is required across the 

orifice. Preliminary tests showed that the pressure drop in the 

pipework and fittings between the probe and transducer was less than 

100 mm Hg and so it was estimated that the maximum pressure in the sample 

loop should not exceed 200 mm Hg. In practice, however, experiments were 

carrjed out with a sample loop pressure of approximately 150 mm Ig so that 

~- 82 -
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a margin for safety existed . This figure implies a pressure ratio of 

3.04 when the atmospheric pressure is 760 mm Hg. 

The chromatograph sample valve had originally been fitted with two 

3 sample loops each 0.0005 m° capacity,one of which was always in line with 

the carrier gas supply and column and the other with the sample line. ‘The 

loop positions could be reversed by simply switching the sample valve 

control to its alternative position. It was felt that when, on 

injection, the semple pressure was increased to that of the colum, the 

effective sample volume would be too small for really accurate 

concentration measurements. The two loops were therefore replaced ov one 

of 0.0015 m? capacity and a low capacity tyoeaes Insufficient space was 

available for the installetion of two loops of the larger size. iy 

It was recognised that moisture would be present in the sample and as 

this would adversely affect the chromatograph column packing, a drying 

unit was installed. This consisted of a stainless steel U-tube packed 

with self indicating Calciun Sulphate (Drierite) and a Nupro stainless 

steel filter constructed to remove particles greater than 0.000007 nm 

dismeter. The filter was present to protect the chromatograph sample 

valve against domage caused by entradned particles of drying agent. The 

drying agent was replaced regularly. 

All tubing 

  

d fittings were constructed from stainless steel except 

for a short section of flexible P.T.F.E. tubing between the probe and the 

valve on the temperature controller inlet. All valves used were Hone 

stainless steel needle valves fitted with replaceable P.T.F.E. seats. 

Tubing was either 1/16 in or Vi 4 in outside diameter depending on 

location. Swagelok fittings were used but the stainless steel olives 

msOhes
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were replaced with viton O-rings as it was found that the latter were less 

likely to give rise to leaks. 

Leak testing was carried out regularly by closing the valve on the 

temperature controller inlet, evacuating the sample system,and closing the 

valve closest to the vacuum pump in the main sample line. The pressure 

was then monitored at regular time intervals. Two methods were used to 

locate leaks. The system could be pressurised with compressed air and 

leaks located with soap and water. Alternatively, the sample system was 

operated under vacuum in the normal way and inflated plastic bags stuck 

over each fitting. Deflation of the bag indicated the presente OL a 

leak. The latter approach was also used to test for leaks on Perce of 

the sampling system which could not be tested by the pressure drop meeihd 

because of the positions of the isolation valves. 

3.5.4 Analyticel instrunent 

A Beckman G.C.2 gas chromatograph fitted with a katharometer 

detector was used. The carrier gas was Argon, the specifications of 

which appear in section 3.20, and the following instrument settings were 

employed. 

Oven temperature - 40° 

Detector current - 200 ma, 

Carrier gas pressure - - 50.5 1b/in® gauge 

A Honeywell single speed chart recorder was used with an input range of 

O-1.0 mv. and a chart speed of 50 in per hour. Table 11 details the 

attenuation settings and columns used in the analysis! of each gas. 

This instrument has been previously used by both Woodcock (86) and 

‘tomar (87) who have given more detailed descriptions of its construction



  

  

    
  

| | 
Jas to be |" Geiuan wacicina Attenuation Colum 
analysed eee setting Length (f+) | 

= ie | 
Hydrogen Porapak Q 50 21 | 

Ethylene Porapak Q 2 6 { 

=} 

Table 11 - Chromatograph Column Data 
  

. 
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and operating characteristics. They concluded that it was possible to 

obtain equal accuracy by the correlation of either peak height or peak 

area against concentration and as the former approach is the simpler, it 

was used in this project. In the case of both gases analysed, the 

complete analysis took approximately ten minutes. A typical Hydrogen- 

Air sample trace is shown in (Fig 3.6). 

32505 Calibration and reproducibility of chromatograph 

Because of the variable sample pressure it was necessary to calibrate 

peak height against effective volume of Hydrogen (v.) or Ethylene (vy) 

where 

as sample pressure 
*4 atmospheric pressure G.9a) 

  

’ 

% = Hydrogen concentration expressed as a mole fraction 

a " gample pressure 3.91 
i *B atmospheric pressure 5 (3.98) 

x, = Ethylene concentration expressed as a mole fraction 

pressur pressure pressure 

(3.10) 

ae Sample (| i Gree be ieee ae | 
e 

Equation 3.92 and > imply an isothermal compression of the sample on 

injection which is reasonable as the column is situated in a 

thermostatically controlled ovene Graph Noe 31 is the calibration 

graph obtained by sampling gas mixtures of known Hydrogen concentration. 

The reproducibility was estimated to be s 1% of the waximum 

concentration under a single set of ambient conditions. This value 

was reduced to c fo when large variations in ambient conditions occurred 

probably due to inefficient lagging of tubes giving rise to variations in 

= 6] 4
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sample temperature. All concentrations were expressed as a fraction of 

the unburned gas concentration, however, and as the relationship between 

effective sample volume and peak height was linear, the concentrations 

expressed as n fraction of the unburned gas concentration were estimated 

to be = 1% under all conditions. Such variations in ambient temperature 

of the laboratory were experienced in this part of the work only because 

a new ventilation and heating system was being installed in the building 

at-:the tine. 

3-526 __Experinental procedure 

A laminar flame of the desired composition was stabilised on 

purner Mo.1, a description of which appears in section 3.3.1. The probe 

was set at an angle considered to be similar to that of the flow lines in 

the region of the flame to be studied. Although no experiments were 

cmried out to indicate the direction of the flow lines, their paths could 

ve estimated with a considerable degree of confidence from particle track 

photographs of aerated flames published by both workers. 

Distances were measured relative to a point on the outside of the 

burner port at which the tangent to the burner Bort intersected the probe 

axis ot right angles. The first stage in an experiment was therefore 

to note the micro-manipulator readings in all three directions when the 

prove tip was touching this point. The probe was then moved vertically 

to the desired distance above the burner and horizontally to the point 

at which the secondary combustion zone rpeneedl to merge with the 

surrounding atmospheres. One of the plate glass windows in the secondary 

atmosphere tower had been replaced with polythene sheeting through which 

the probe passed. 

~ a9



The continuous sampling system was allowed to withdraw semples from 

a single probe position for ot least ten minutes before injection into 

the chromatograph was carried out. This was more than twice the length 

of time that preliminary tests had shown to be necessary but as a single 

analysis took ten minutes, the probe could be moved to its new position 

immediately after injection of the previous sample and the new sample 

withdrawn by the time the instrument was available for the next injection. 

Because only one 0.0015 nw sample loop was being used, it was necessary to 

switch the sample valve back to its original position five minutes after 

the injection. This had the effect of injecting a very small sample 

into the column from the bypass loop but the recorder traces that this 3 
, 

produced did not appear until well after the traces from the original 

sanple injection. 

From its original position on the edge of the secondary combustion 

zone, the probe was moved horizontally in smell steps towards the oxis 

of the burner tube. Each step was normally 0.0001 m in length although 

in regions of the fleme where concentration varied only slightly with 

horizontal distance, the step lengths were sometimes increased to several 

times this value. The digital voltmeter redding was noted and a sample 

injected after each step and the probe position was noted when the tip of 

the probe made contact with the primary flame front. The concentration 

profile was considered to be complete when a constant concentration of 

the species being monitored equivalent to that present in the unburned 

gases was recorded. After each concentration eootiie had been completed, 

the probe was removed and inspected for damage under a microscope. If 

any damage was found, the probe was replaced and all experiments carried 

«9 «



out since the previous inspection were disregarded and repeated. 

It was found that in flames richer than stoichiometric in fuel‘a 

point was reached as the probe was moved vertically at which sufficient 

of the probe was passing through the secondary combustion zone for the 

“sample to be reheated enough to re-ignite the gases in the probee This 

was clearly visible to the naked eye and occurred only after the probe 

had penetrated the primary reaction zone. It was also clear from the 

concentration profiles recorded. under such conditions. In such cases, 

the profile was entirely different in shape to those determined under 

normal conditions. This provided a second check as to whether re-igmition 

was taking place and marked the maximum height above the burner at which 

profiles could be determined reliably. This phenomena was found to take 

place far more readily when the probes were constructed from thin walled 

quartz tubing than when the thicker tube was used. . It was for this reason 

that probes made from the latter tubing were preferred. 

Little trouble was experienced with probe orifices closing because of 

the high temperatures in the flame reaction zone. When this did occur, 

however, it was clearly evident by a rapid decrease in pressure in the 

semple line and a corresponding reduction in recorder peak height. 

3e5e] Details of experiments carried out 

Concentration profiles were studied as detailed in table 12s cin Ald 

cases, concentrations were expressed as ratios where 

Ry - local Hydrogen concentration 
concentration of Hydrogen in unburned gases 

R3 = local Ethylene concentration 
concentration of Ethylene in unburned gases 

Local and unburned gas concentrations were expressed as mole fractions. 

= 91 =
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3.6 Analysis of temperature profiles in the stabilising region of 

laminar aerated flames 

It was decided to attempt to measure the corresponding temperature 

profiles to the concentration profiles already determined. The method 

used proved to be wsatisfactory and the work is recorded briefly for the 

benefit of future workers. 

326.1 Experimentol method and findings. 

The technique adopted was to use a fine wire thermocouple constructed 

from 80% P+/205: Rh and 60;5 Pt/40%6 Rh wires 0.00025 m in diameter. 4 

detailed description of the construction of such thermocouples has been 

given by Fristrom ond Westenburg (85) and their use has been commented on 

vy Datta et al (15). The use of the method depends on two important ss 

criterias- 

(4) The thermocouple mst be aligned with an isotherm so as to 

eliminate heat conduction along the wires. 

(4i) The couple must not disturb the flame front. 

It was felt that provided the wires lay along a tangent to the flame 

front, the method might prove successful in this study. This was not 

the case, however, for three reasons. Firstly, the flame front was 

observed to lift locally from the bumer when the couple was in the 

stabilising region. Secondly, the Pt/Rh wire chosen were found to melt 

in the fuel rich flames studied. Thirdly, conduction effects were 

clearly not he pligaties While the two latter problems would not have 

arisen in Datta's study it is not clear why he did not encounter the 

problem of flame front disturbance.
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4. ANALYSIS AND DISCUSSION OF RESULTS. 

4e1. Comparison of experinental results for Hydrogen-Propane-Air 
system with those of other workers 

To facilitate easy compsrison of critical boundary velocity gradient 

and burning velocity data with that of other workers, Graphs 46 and 49 

“have been compiled from the data presented in Graphs 1-8 and 16-22. 

4.1.1 Critical Bowdary Velocity Gradient data 

Reiter and Wright (83) have made a study of the Hydrogen-Propane-Air 

system and their data has been plotted ‘on a similar basis to this 

investigation in Graph No. 506. By comparison of (Graphs 48 and 50 

it will be seen thet there is considerable agreement between the critical 

doundary velocity gradients of mixtures common to both studies. It 

should be pointed out that Reiter and Wright used Propane of only 95% ; 

purity and although it is not clear what constituted the other 50 it is 

possible that this may preci for any discrepancies which do exist. 

Their smallest burner was 0.00573 m internal diameter and so they were - 

unable to study mixtures with as wide a variation in degree of aeration 

   

  

as in this investigation. lWevertheless this work provides a valuable 

corroboration of the accuracy of the data presented in Graph 48. 

Grumer et al (89) have carried out a few critical boundary velocity 

gradient determinations for this system. Their investigation was not 

@ comprehensive one and none of their mixtures were directly comparable to 

those studied in this work. Their results were used by Van Krevelen and 

Chernin (90) in the development of a method for prediction of critical 

boundary velocity gradients for multi-component gaseous fuels. The 

curves presented in Graph 51 have been computed by application of this 

method. The agreement with Graph 48 is generally poor. The discrepancy 

~95-



is ~veatest between experimental and predicted critical boundary 

velocity gradients with fuels of high Hydrogen content and so the method 

might be of use for prediction of the blow-off characteristics of low 

Hydrogen content fuels provided 2 high degree of accuracy was not 

essential. In general it would seem unwise to place a great deal of 

confidence in blow-off data predicted by this method. 

4.1.2 Burning Velocity Data 

Leason (91) has carried out measurements of burning velocity for 

Hydrogen-Propane-Air mixtures with 0, 5, 1074, 20/5 and 3095 Hydrogen in the 

fuel gas mixtures He determined his data by application of equation (3-7) 

using the visible image of the separated primary fleme front in order to 

evaluate the flame front area. The value of maximum burning velocity; 

reported by Leason for the Propane-Air system is approxinately 20; below 

currently accepted literature values. Furthermore, the maxinum burning   

velocity occurs with an exactly stoichiometric flame, whereas most workers 

have found that this occurs with flames slightly richer than 

stoichionetric (in this study at X = 1.065). It is not surprising, 

therefore, that Leason's curve for 20% Hydrogen present in the fuel differs 

considerably from that in Graph 17. he ratio of the maximnun burning 

velocities of Propane with Air end a 20% Hydrogen, 60/5 Propane fuel gas 

  

xture with Air in the two studies is similar, however, and this 

indicates that the discrepancies are probably due to the difference in 

experimental methods only. 

It has been found possible to correlate maximum burning velocity 

(Su max) against mole fraction of fuel in the fuel oxidant mixture Oy) 

Si6re



by the relationship 

  

Su ma = 043195 @ 070519 %p (4.2) 

  

Maximun burning velocity is plotted against percentage Hydrogen in the 

mixture in Graph 52 and agpinst total fuel concentration expressed as a 

mole fraction in Graph 53. Also on Graph 55 are plotted the values of 

maximum burning velocity determined for the Hydrogen-Methane-Air system 

by Scholte end Vaags (82) and it will be seen that a similar type of 

equation to (4.1) may be used to correlate their date also. It is 

possible that this might provide a method of predicting the maximun 

burning velocity for other Hydrogen-Hydrocarbon mixtures although clearly 

this would require experimental verification using a variety of 

Hydrocarbon fuels. 

4.2 Flame Stretch analysis of Hydrogen-Propane-Air data 

Physical properties of the mixtures studied were calculated by the 

methods indicated and discussed in Appendix 3. Flame stretch factors 

were then calculated using equation (1.9) and the experimental data fron 

Graphs 48 and 49. The burning velocity-fuel concentration graphs for 

fuel gas mixtures 0, 20; and 40% Hydrogen were extrapolated slightly to 

enable larger concentration ranges to be analysed. A typical set of 

calculations is shown in table 13 and the results of all. calculations 

are plotted on Graph 54. Insufficient data was available to produce any 

flone stretch analysis for the fuel. gas mixture containing 9575 Hydrogen 

because of flow metering limitations. : 

Reed's correlotion (equation 1.10) indicates that critical flame 

stretch factor is independent of fuel concentration for flames leaner 

= O7ce
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than stoichiometric. Edmondson end Heap (28) showed that in practice 

this was never the case but that the dependance was least sigificant 

in a region X = 0.85 to X = 1.0, Lf the fuel concentration was further 

reduced, however, the dependence on fuel concentration appeared to increase 

agein in a number of cases. This trend was present in their study of the 

Propane-Air system and has been reproduced in this investigation of the 

same system. The corresponding values of critical flame stretch factor 

differ slightly in the two investigations but the reason for this 

discrepancy has already been indicated in section 1.2.5. Neither 

correlation differs substdéntially from that predicted by Reed's theory, 

however. 

In this context, the work of Van Heyningen is of some significance’ 

(97). He has attenpted to determine the true nature of this relationship 

vy the evaluation of parameters in equation (1.3) by solution of the 
  

Navier-Stokes equation without the assuaptions made in the derivation 

of equation (1.9). The work is open to considerable criticism, however, 

  

as the author appears to have failed to comprehend the assumptions 

ee derivation of equation (1.3) and hence the upper fuel concentration 

limit of applicability of this equation. His theoretical values of 

flame stretch factor for rich flames are of very linited value therefore 

The progressive introduction of Hydrogen into the system causes a 

rapid increase in critical flame stretch factor so that in a 

stoichiometric flame with a fuel gas mixture of 80% Hydrogen and 20/5 

Fropane, the critical flame stretch factor is nearly five times that of 

the corresponding Propane-Air flame and eleven tines ‘that value predicted 

by equation (1.10). It is postulated that such increases are



attributable to preferential diffusion of Hydrogen into the stabilising 

region of the flame by the mechanism which is discussed in section 2. 

Substantially larger increases in Hydrogen concentration would be required 

in the high Hydrogen content flames to cause these stability anomalies than 

4s the low Hydrogen content flames. It may be concluded from Graph 54 

that the increase in Hydrogen in the stabilising region is dependent on 

the Hydrogen concentration in the unburned gas mixture. Thpis is 

indicative that a moleculer diffusion process may be responsible. 

It is perhaps at this stage worth indicating how a thermal diffusion 

process might account for the changes in critical flame stretch factor 

caused by the introduction of Hydrogen. Thermal diffusion refers in 

this instance to the diffusion of a molecular species because of the 

presence of a thermal driving force, i.e. a temperature gradient. 

. Thermal diffusivity is substantially independant of the concentrations 

of the molecular species present in the mixture, The introduction of : 

Hydrogen will give rise to a reduction in preheat zone thickness which is 

proportional to burning velocity. The maximum Hydrogen flux caused by 

thermal diffusion will therefore vary with burning velocity. Large 

temperature gradients exist only over a very short distance in the preheat 

none of the flame however and it is doubtful whether thermal diffusion 

could account for the transport of Hydrogen over the distances necessary 

to influence stability to the degree necessary to give rise to the 

,observed increases in critical flame stretch factor. This argument is 

supported by the work of Dixon-Lewis and his colleagues. 

Dixon-Lewis et al (94, 95) have computed fluxes of molecular Hydrogen 

due to both molecular and thermal diffusion in Hydrogen-Oxygen-litrogen 

i 4 - 100 -



flones. The method.employed was based on a technique described in an 

earlier paper (96). They have shown that fluxes due to thermal diffusion 

can at times reach a similar order of magnitude to those due to moleculor 

diffusion and by substantially reducing the Oxygen to litrogen 

concentration ratio in the unburned mixture to below that of Air they have 

recorded instances where the thermal diffusion fluxes exceed the molecular 

diffusion fluxes. In such situations, however, the magnitude of both 

fluxes is small. They have shown that fluxes of atomio Hydrogen are of 

considerable significance in flame structure and flame reaction l-inetic 

  

   
considerations and have always found that molecular diffusion fluxes of 

this species are always very much greater than the corresponding thermal 

diffusion fluxes. This has also been shown to be the case with Oxygen, 

Vitrogen and water vapour. With these three species the two fl 

  

Ss 

oppose each other whereas for molecular Hydrogen the fluxes complement 

hh other. Clearly, whether fluxes of atomic Hydrogen oppose or 

  

complement each other is dependent on the position in the flame front 

  

under consideration. 

  

4.2.1 Correlation of flame stretch factor end preferer 

diffusion factor 
ial 

  

It has been suggested that the preferential diffusion factor as 

  

defined in e tion (2.6) may be considered as a measure of the degree ) Bey a 

  

ch preferential diffusion will occur in the stabilising region 

of a laminar aerated burner flame. It has been evaluated for 

Mydrogen-Propane-Air mixtures as detailed in table 14 and the following 

assumptions have been made:- 

(4) D, = diffusivity of water vapour in Air. 

- 101 -



  

 
 
 
 

 
 

 
 

 
 

 
 

 
 

   

  

  

 
 

 
 

   

  
 
 

  
  

  

9LtZ0°0 
Ver70 

| 
ozsc"0 

Oght* Oi
a
 

ou 
t 

Ss0zo° 
$6G°0 

6
9
7
°
 

96LT°0 
| 

our 
S¥6T0"O 

066°0 
ctovro— 

| 
OTET*O 

Lt 
$zetoro 

22S°0 
cyoreo 

| 
926T°0 

Ort 
veSTo"o 

22S°0 
6Liv°0 

6S9T°0 
‘ 

6°0 
vhetoro 

GSv°0 
6605°9 

Levt°0 
| 

8°0 
o”es00"0 

966° 
g198S°O 

CTET°0 
} 

dO 
n
e
n
 

| 
09 

LG56°T 
TLITO°O 

29c°0 
6LLS°0 

T
T
G
O
 

Ou nian 
oT 

4 
9089°0 

160T0°0 
LS¥°0 

Tc87"0 
£99T°0 

coe 
GL6S°0 

680T0°0 
seve 

B6sy°o 
¢L9T°O 

ten 
T9¢7°O0 

%
6
6
0
0
°
0
 

ceveo 
6SS7°0 

TS9T°O 
| 

O
T
 

Th9S°0 
TSLL00°0 

2cveo 
0606°0 

- 
926T°0 

ZZ0° 
6°0 

PCTS 
$2¢900°9 

LS6°0 
evt9°o 

S9fT°O 
6
6
1
0
0
 

| 
| 

870 
One 

|
 

Tiles 
€26700°O 

THEO 
TOStOe 

=
 

GZT0°O 
OT 

660L°0 
e6Sv00"0 

yth"o 
LeSt°o 

9TT0°0 
en 

c6L¥°0 
g0zvoo"0 

0 
LOtO"O 

cer 
2086°0 

Tys¢00°0 
° 

SL600°0 
O°T 

e660 
GzT¢00° 

0 
| 

tesooton 
4 

- 
690 

£ez°0 
S¥Sz00°0 

Oo 
| 

L
e
t
o
e
t
o
n
.
 

8°0 
oe 

OST°T 
0 

0 
| 

0 
oT 

6796°0 
° 

0 
! 

° 
One 

7S66°0 
° 

° 
i 

0 
TOL 

o9g¢°0 
0 

9 
| 

Ce} 
Oct 

9662¢°0 
0 

° 
i 

Q 
{ 

6°0 
ytce°o 

0 
9 

' 
0 

8°0 
o 

b 
~ 

eo. 
= 

=
 

Z 
| 

{ 
sep 

Teng 
204007 

yozergs 
} 

up 
SUeTZ 

Te0Tqtao 
ussozpfy 

© 
  

  
  

   
 
 

 
 

 
 

- 102 - 

 



 
 

Wousks 
tp 

ye 
sks 

4 
JO 

s
t
s
f
p
e
u
e
 

r
o
q
o
e
s
 

uoT! 
ee 

 
 

  

 
 

  

 
 

 
 

  

 
 

 
 

 
 

 
 

  

 
 

 
 

  
  

  
  

  
  

EE 
Somnlgey 

coc 
Ls, 

6022°9 
TO6T*O 

a) 
9° 

Oo 
| 

oceero 
290¢°0 

TSST°O 
v0 

20 
0 

2970 
yotr"o 

OLET*O 
cer9 

Ue 
9 

g12°0 
ozve"0 

0 
ou 

ocys*2 
O
g
 

Oe 
L9%2°0 

0 
eet 

$968°T 
0 

0 
' 

€162°0 
i) 

ort 

G90G6°T 
Q 

0 
{ 

Téz2°0 
v6YT°O 

~6°0 
toLe*1 

: 
° 

PELero 
290z°0 

Ecet°o 
8°0 

&S60°T 
\ 

2 
| 

o4°0 
Szet°o 

9027" 
26 

06 

9VOL"S 
f= 

geL¢0"0 
1 

*0 
"¥o02"0 

68ET°O 
| 

U
t
e
 

ccrey 
| 

 S0L¢o°0 
| 

Q 
0902°0 

90ET°O 
or 

2cscez 
; 

0
2
9
0
"
 

SeL°o 
L¥S¢°0 

\ 
L
e
o
"
 

Tezt°o 
} 

eu 
ZyoL*t 

| 
GTSE0*0 

goL°o 
06S¢°0 

on. 
¥ULerO 

CETL 
| 

Ut 
y906°T 

Terc0°0 
62a9°O 

VI6C*O 
$9T2"0 

yroT°O 
OT 

2v90°T 
YT6z0°0 

¢ 
0S6T°9 

2S60°0 
6°0 

921°0 
2vyeo°o 

0 
TSLT*0 

L&so°c 
20 

“9 
066T0°0 

9 
o9Loro 

1°90 

6¥e°0 
75 

ST0°C 
0 

1990°0 
970 

os 

x 
ox 

x 
sep 

Tos 
Y
o
q
e
r
y
s
 

u
a
t
o
r
p
s
y
 

u
0
T
4
 
B
I
G
U
S
O
U
O
H
 

U
E
 

O
U
e
L
s
 

T
e
o
T
s
t
a
g
 

UOT 
P
O
U
L
T
 

OTCiH 
| 

jen 
w
e
r
o
r
p
 
lg 

3 

  
  

  
  

  
 
 

 
 

- 1035 - 

 



(ii) D, = diffusivity of Mydrogen in Air 

(a) = water vapour concentration in combustion products 

(iv) Ao a Hydrogen concentration in unburned gases. 

(v) physical nivale are those of the unburned gas mixture 

(wi) 2) end Dy have been evaluated at the unburned gus temperature _ 

as it was anticipated that this region would provide the 

Greatest resistance to mass transfer. 

(wid) x, has been evalueted assuming complete combustion of that 

proportion of the fuel gas mixture for which there was 

sufficient Oxygen present in the primary mixture. 

(viid) A constant Hydrogen to Propane concentration ratio is been * 

assumed at all points in the primary combustion zone. 

411 concentrations have been expressed as mole fractions. This means 

of evaluation of x, was showm by Datta (14, 32) to approximate closely 
1 

mum concentration difference across the primary and secondary 

  

to the 

combustion zones in the stabilising region of both fuel lean and fnel 

rich Nethane-Air flames. Thus the apparent inconsistency in the 

evaluation of x, and Xo provides a means of arriving et a reasonable 

value of the concentration driving force which exists for each molecular 

species. 

Three additional values of preferential diffusion factor were 

calculated, from data obtained by the extrapolation of Graph 54 as 

detailed in table 15 

Graphs 55-61 have been plotted and it hes been found possible to 

characterise the relationships between critical flame stretch factor and 

mele



  

  

    

\ pee Preferential 
Fuel Fs Critical Flame hance 

Concentration ' ae = eee | Stretch Factor pee 
x | u 2S | x F e 

3 ' 

Oe7 \ 0 0.16 0 

0-7 20 0.18 0.00192 | 
} 

0.7 { 40 | 0.20 | 0.00486 
  

     
aigetah ‘factor= Puel concentration 

  

  

Seis o



preferential diffusion factor by equations of the following type for 

constant fuel concentration (X). 

Kir euawes Be OsTenel (4.2) 

K = flame stretch factor for situation in which preferential 

diffusion occurs. 

xe = fleme stretch factor determined experimentally for 

situation in which no significant preferenticl diffusion 

occurs. j 

C = parameter dependant on fuel concentration only. 

The various values of xlona C on Graphs 55-61 were computed by a 

"least-squares" isethod on the University Honeywell 316 digital computer. 

95¢5 confidence limits ere also shown on the graph. ‘The evaluation of 

corfidence limits from the variance of log K is justified as th 

  

probable 

errors in flame stretch factor could be expressed as constant percen 

  

of the value of flame stretch factor. Standard deviations and correlation 

coefficients are listed in table 16, The author, however, is of the 

opinion that the correlation coefficients are of little statistical 

neaning as the validity of the correlations is unlikely to be disputed. 

The parameter C has been plotted against fuel concentration expressed 

as a fraction of stoichiometric in Graph 62 and the following relationship 

derived empiricolly:- 

"¢ = 306+ -a)[ pftoe - 6.85] (4.5) 
OTS X<1.5 

The nature of this relationship reflects the different mechanisns 

by which preferential diffusion influences flane stability in fuel weak 

and fuel rich flames. 
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Fuel Roncen sia. or | Stondard Deviation, ‘ Correlation 
\ x a o i Coefficient 

| 0.7 | 0.1119 \ 0.984 

0.8 \ “> 0.0989 | 0.986 

0.9 ‘ 0.0983 0.984 

\ 1.0 \ 0.1024 | 0.988 

i Tea | 0.0787 0.988 

1.2 : 0.0544 | 0.997 

\ 13 | 0.0594 i 0.997 

Table 16 - istical analysis of data used to 
in relationships of the type 

indicated in equation (4-2) 
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In fuel rich flames, preferential diffusion will increase secondary 

combustion which in turn will increase the heat transfer to the primary 

flame front. It would be anticipated therefore that this would override 

any influence that primary combustion would’ have in this instance. + is 

unlikely that the influence on critical flame stretch factor of a change 

in concentration, reflected by 2 particular value of preferential diffusion 

factor will depend on fuel concentration itself. This gives rise to a 

value of C for X)1.0 independent of fuel concentration. 

In fuel lean flames, the influence of preferential diffusion will act 

on the primary flame front reactions altering burning velocity and hence 

critical flame stretch factor. Secondary combustion effects will be 

negligible in comparison. The influence on the primary combustion 

reactions of a concentration change reflected by a particular. value of 

preferential diffusion factor will be complex and will be 2 function of 

the fuel concentration itself. This is reflected by the variation of C 

with fuel concentration for X<1.0. 

By combining equations (4.2) and (4.3) it follows that 

x = x exp [(30.6-+ (2 -a) Gos - 6.85) )F] (4.4) 
067<X <103 

If equation (1.10) is used to characterise x then it also follows that 

x = 0625 [i+ (x4. 2) TJexp [3s.6+ (2 -a eee X = 0.615 

- 6.85))F 
ones (4.5) 

Equation (4.5) may be expressed in a more convenient form for evaluation 

of critical boundary eae gradients as follows:- 

“Ei + (x64 eu Jexp [038.6 +(1 -a) Geos 

- 6.85))q 
O.7<X<163 (4-6) 

gb * 
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It is proposed that this equation should be valid for the prediction of 

the influence of Hydrogen on any laminar aerated burner flame provided 

that the fuel concentration lies within the stated limits, It has not 

been tested for mixtures in which F>0.047 and so this provides a further 

limitation on its applicability although there is no theoretical redson for 

the imposition of such a limit. This limit would be exceeded only when 

very high Hydrogen content fuels were being used and in such cases the 

“purners used would be so small thet the situation is very unlikely to exist 

in practical situations. 

Bquation (4.4) was used to calculate the values of critical flame 

stretch factor eae aone to those determined experimentally and listed 

in table 14. An average discrepancy of = 1%; of the experimental Varad! 

between calculated and experimental values. 

  

wes found to ex 

4.3 Prediction of the blow-off characteristics 
of the Hydrogen-Methane-Air system 

ae 

  

As 2 test of the applicability of equation (4.6) to systems o' 

than the Hydrogen-Propane-Air system from which the equation was developed, 

en vnalysis has been carried out on data for the Hydrogen-liethane-Air 

syaten. This system was selected as both critical boundary velocity 

gradient ond burning velocity data were available in the literature. 

2. “cone   Scholte and Vaags (82) determined the burning velocity data 

  

angle" method and their work hos already been discussed in earlier sections. 

: Dheix method has provided accurate data for other systems and there is no 

reason to foubt the validity of this particular set of data. + Grumer et sl 

(a9) have investigated critical boundary velocity gradient-fuel concentration 

4 * es e, we = ¥ + Nie 
relationships for this system. It has already been pointed out that their 
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data for the Hydrogen-Propane-Air system was used in the derivation of the 

Von Krevelen and Chemin method for the prediction of such relationships 

for multicomponent fuels. This method has proved inaccurate for the 

latter system and this may reflect on the accuracy of the data from which 

the method -was derived. If the accuracy of the Hydrogen-Propane-Air data 

is poor, then it is quite possible that the Hydrogen-tiethane-Air data is 

equally inaccurate. 

From table 17 it may be oUserved that there are two particularly 

curious results. The first concerns the experimental critical flame 

stretch factor for a O«7 stoichiometric flame with a fuel gas mixture 

ydrogen. The value is far smeller than is to be 

  

containing 435.9% 

expected. In the system wiv 79.92 Hydrogen in the fuel gas, the 

critical flame stretch factor-fuel concentration relationship is unlike 

   eny studied in this or any other investigation. The criticel flane 

  

stretch factor for 2 0.7 stoichiometric flame is very much greater v 

for 2 0.0 stoichiometric flame. There is no reasonable explanation for 

this snd it must be concluded that both of the anomalous results 

discussed are accountable to experimental error. 

  

+ ’ 

If these two results are included, an average discrepancy of - 57-6 

  

of the experimental value exists between predicted and experinentel 

  

erities] flame stretch factors with a maximum discrepancy of 192%. Lf. 

4he.snouolous results are ignored, however, these two figures are reduced 

  

+ * . ; § 4 
to - 25.G5 and 54.6;: respectively. The largest discrepancies occur w. 

the fuel mixture containing 79.% Hydrogen and it was with high Hydrogen 

content fuels that the data of Grumer et ol -was found to be least 
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accurate for the Hydrogen-Propane-Air mixtures. It is possible therefore 

that a Hydrogen flow metering error exists in a number of the experimental 

results of these workers. 

In the circumstances, the agreement between experimental and 

predicted critical fleme stretch factors is good. Reed has suggested 

  

re F 
that flane stretch factors can be evaluated only to an accuracy of - 6Cj, 

and in all but one case the agreement is well within these limits. Graph 

  

  graphi cally. 64 presents these data 

4.4 The replacement of Nitrogen in the primary and secondary Air 

by Arron and Heliun    

4.4.1 Critical boundary velocity gradient and burning 

velocity data - 

  

The replacement of the inert constituent of the Air, i.e. Nitrogen, 

by Argon or Helium causes change in density, specific heat, and thermal 

  

conductivity of the unburned gas mixture and the diffusivities of the 

various molecular species present. Chemical reactions in the primary 

flome front will be influence only to the extent that those concerned 

with the production and reaction of oxides of Nitrogen will be eliminated. 

The changes in physical, chemical and transport properties will ensure, 

however, that burn: 

  

ng velocity, critical flame stretch factor and 

preferential diffusion factor may all differ from the corresponding 

values associated with normal aerated systems. 

As far as the author is aware, Helin and Argon "Airs" have fot been 

used in blow-off studies prior to this investigation. They have, 

however, been used by Mellish and Linnett (92) and Clingman et al (93) 

be
 attempts to clarify the mechanisms governing burning velocity and by a 
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  sivex of exbhore in studies of the upper and lower fuel concentration 

limits for upward and dowward propagation of flame fronts with a 

variety of fuels. The latter studies have been presented in 1 table 

by Mellish and Linnett (92) together with data obtained using a nuuber 

of other "Airs". 

Clingnan et al (93) have colowlatea adiabatic flame Paneeraterss 

for a number of lethane-"Air" flames with Nitrogen, Helium, and Argon 

as the inert constituent. The values using the "Helium" and "Argon" 

  

: . 3 * =aQOr + 4 
sg are identical but in some cases 550K greater than that for a 

  

itrogen-Air flame of the same fuel concentration. They concluded 

fron their experimental results that no simple burning velocity theory; 

e.g. that of Tanford and Pease, can account for the observed ratios of 

4) the burning velocities of mixtures of a similar fuel concentration 1 

  

different inert gases. 

The values of burning velocity using the various inerts would be 

  

SD * 
anticipated to be in increasing order of magnitude t= Nitrogen, Argon, 

  

The experimentally determined ratios of these values for 

Methane-Air flames would not be expected to be the same as those for the 

Hydrogen-Propane-Air flames. This has been found to be the case in 

practice. 

Set Fl stretch analysis 

ne data presented in Graphs 10-15 and 24-29 have been analysed on 

a fleme stretch basis and the results ere presented in Graphs 65 and 66. 

The general shape of the curves of critical flame stretch factor plotted 

ocvinst fuel concentration are similar to those of normal aerated systems.



When no Hydrogen is present, the values of critical fleme stretch factor 

are significantly lower when either Helium or Argon is the inert than when 

Vitrocen is used. The flane stretch theory predicts that if no 

preferentiol diffusion is likely to occur, the values of critical flame 

stretch factor should correspond to those calculated using equation (1.10) 

irrespective of the nature of the oxident. Equation (1.10) was derived, 

however, from an analysis of aerated systems in which the inert 

constituent of the Air was nye Nitrogen. It must be concluded, 

therefore, that equation (1.10) is applicable to normal aerated systers 

only and thet Reed's anomalous results for the Propane-Oxygen and 

Methane-Oxygen systems may not necessarily be caused by preferential 5 

diffusion as he has suggested. 

In searching for e reason why Reed's correlation is not applicable 

when Argon or Helium is the inert, it is worth noting that the odiabatic 

fleme temperature is substantially higher when either of these inerts is 

  

present than mn the inert is Nitrogen. This may provide an 

explanation for the varietions in critical flame stretch factor. 

The boundary velocity gradient theory assumed that heat conduction 

to the burner was of prime importance in blow-off considerations. The 

flame stretch theory has shown that aerodynamic quenching is the more 

important mechanism but makes the further assumption that-the local 

burning velocity at the point of stability is equivalent to the norual 

burning velocity. The amount of heat conduction to the burner and the 

curvature of the flame front will influence how good this assumption is. 

Datta showed that it was not unreasonable for the two dimensional Methane- 
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flames that lie studied but that nevertheless the local burning 

  

velocity in this region of the flame was lower than the normal value. 

The fleme temperature, and thus the temperature driving force for heat 

;duction will to some degree influence just. how much lower than the 

  

normal value the local burning velocity ise As a result of this, the 

ssuaption will give rise to lower values of critical flane stretch- 

factor for flames of sinilar degrees of aeration than would be. the case 

if the local burning velocity were used. Thus the hottest flame will 

  

to the lowest critical flame stretch factor if the normal 

  ming velocity is used in calculations. 

vatic flame temperatures are identical when either Meliun      43 the adi. 

or Argon is the inert, similar critical flame stretch factor-fMel 

concentration relationships would be expected if no preferential diffusion 

occurs, although differences in dead space height might influence the heat 

conduction to the burner. Graphs 65 end 66 show’ that there is considerable 

sinilerity over part of the concentration range studied and that the iwo 

correlations differ only for fuel concentrations at the lean end of the 

ranges It has already been pointed out that when Nitrogen is the inert, 

the adiabatic fleme temperature is lower and as anticipated, the critical 

flame stretch factor-fuel concentration relationship is unlike those which 

have been found to exist when Helium or Argon is the inert. 

On the introduction of Hydrogen, substantial increases of critical 

flone stretch factor were noted when Argon was the inert (Graph 65) but 

little or no change was noted vhen Heliwa was used (Graphs 67-68). In 

order to test whether preferential diffusion could account for these 

ih iGass



observations, preferential diffusion factors have been calculated and oy 

epplication of equation (404), critical flame stretch factors have been 

predicted as detailed in table 18. In order to evaluate tin ‘this 

equation, the experimentally determined values of critical flame stretch 

factor for the Propane=-"Air" system with the appropriate inert have been 

  

used. : The discrepancy between predicted and calculated critical flane 

stretch factors have been calculated as detailed in table 16 and all lie 

+ “4 eon FA, * + . s > +. 
within Reed's - 60/; limit which is discussed in section 4.3 and all but 

four values within the limits discussed in Appendix 2. % is suggested 

nat ns $4) 
therefore thet this work with Helium and Argon Airs provides additional 

  

the preferential diffusion concept and also the nethed 

proposed in section 2 and applied to aerated flames containing 

  

in section 4.2. The use of these "Airs" has enabled p es     
sport properties to be varied over a far wider range of volues 

  

aan would normally be encountered in aerated flanes. 

It is clear froi the preferential diffusion factors calculated for 

systens using    
PAs It would be anticipated therefore that other phenomena 

    

associated with preferential diffusion would show comperable behr 

  

    presented by Mellish and Linnett (92) of concentration lin 

  

m="Air" and -Deuteriui-"Air" flames propagating in tubes using 

Helium, Argon end Nitrogen as inerts support this suggestion. The 

differences between linits for upward and downwerd flame front propagetion 

forthe two fuel guses were substantially smaller when Helium "Air" was 
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used thon when either of the other "Airs" were cmployed. 

-5 Slane stretch analysis of Ethylene-Air data [=
 

The date presented in Graphs 9 and 25 has been analysed on a flame 

stretch basis and replotted in Graph 69. Also on this graph are plotted 

four other correlations for the seme system. 

These.are:- 

(i) The experinental data of Bamondson and Heap. 

Reed's general correlation = equation (1.10). 

  

The experimental correlation for the situation in which no 

significant preferential diffusion will occur (Propane-Air 

ta obtained in this investigation). 

  

f 

(iv) The relationship obtained by calculating preferential diffusion 

factors of Ethylene and applying these to equation (4.5). 

Cas Curve (iv) pro     the closest approximation to the experinental 

curve for Bt:    its derivation, however, it has been assune > , 

that equation (4.5) may be used to characterise the influence of 

eyaterontial diffusion of fuels other than Hydrogen. This is-an 

assumption clearly open to criticism and would require verification by 

further investigation. The influence that preferential diffusion of 

34 
Ethylene will have is compa:   atively insigificant, however, and may for 

nost practical applications be ignored. Yor this reason, the 

applicability of equation (4.5) to other hydrocarbon fuels in aerated 

systems is largely of academic rather than pratical interest and for this 

  

reason has not been investigated further. 

<0! =



4.6 Composition studies in stabilising rerion of flames 

6.1 Analysis of concentration measurements and J 
likely sources of error 

In order to present the concentration profiles of Hydrogen and 

Ethylene in a more readily assessable form, the following peacenire was 

adopted. Fhotographs were taken of the flames used for each study. 

Enlargements were produced and from these the location of the primary 

flame front in the stabilising region could be plotted in relation to 

  

the burner as sh on Graphs 70-73. This enabled lines of constant’ 

  

plotted from Graphs 32-47 and the position of these & L 

  

could be xr 

  

to both the burner and the p: ivy flame front. 

, 

  

ree major possible sources of error were thought to exist in 

   In ony method ick i @ finite «s to be 

from the fl: here i herent lack of resolution. in    
ed to be 

tip was 

located. In practice, however, it is likely that it will be 

represntative of a point displaced a small distance from the 

tip along the flow line on the unburned gas side of the probe, 

(ii) In regions of high concentration of the species being monitored, 

  

e of change of concentration with distance is very low 

and thus the location of the lines Ry = 1.0 and By = 1.0 are 

likely to be far less poder than the other lines of 

constant concentration. 

Seas : re + Fee a 8 
(434i) The nicro-nanipulotor vernier scale was sub-divided into 

‘SLO



divisions for measurement to 0.0001 nm only and thus each 

concentration measurement has a possible Docation error of 

. 0.00005 m. . These errors will to some extent be eliminated, 

however, by the drawing of sae curves through the point 

concentration measurements in the establishing of the overall 

concentration profile. This type of error may also be 

measuring ag many point concentrations for each    
is practically feasible. 

tion of EKydrosen concentration isopleth die-rams 

  

73 shows a stoichiometric Ethylene-Air fleme, the {2 ay ’ 

  

es of constant Ethylene concentration lie effectively parallel both to 
. # 

  

other and the primary fleme front. This is typical of the type of 

  

concentration profile that would be expected using any one component 

fuel-Air mixture if the fuel concentration were monitored. 4s the fuel 

  

concentration is increased above that of the stoichiometric flame, fuel 

will be detected progressively further from the primary flame front on 

the burned gas side. 

In the Hydrogen-Fropane-Air flame, he situation is complicated by 

the production of Hydrogen from the thermal cracking of Propane. This 

gives rise to on initially less ‘rapid rate of decrease of Hydrogen 

concentration with distance as the primary flame front is approached from 

the unburned gcs side than might be expected by comparison with Graph 73. 

Onee the production of Hydrogen by cracking ceases to be significent, 

however, the Hydrogen concentration decreases very rapidly indeed in 2 

€.CCOl m thick vecion on the unburned gas side of the primary flame 

front to leave unburned only Hydrogen for which there is insufficient 
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Caygen present for combustion to take place. The rate of Hydrogen 

consumption is apparently greater than the oorresponding Sthylene 

consumption and this is a reflection on the difference in mechanism of 

the combustion chemical reactions for the two gases and the associated 

, temperatures involved. 

Preferential diffusion of Hydrogen might be expected to show itself 

in two possible ways as follows:- 

(4) 

(44) 

In the stabilising region of fuel rich and stoichiometric 

ames, thé concentration of Hydrogen in the secondary reaction 

zone would be greater than at any other point further up the 

flome but the some distance from the primary fleme front. 

In fuel rich, stoichiometric and fuel lean flames, the , 

Hydrogen concentretion in the stabilising region primary 

   reaction zone would appear to be greater than at a sinilar 

distance from the primary flame front in another part of the 

flame. This effect would appear as a kink in the lines of 

constant concentration so that the line was closer to the 

primary flame front in this region than at any other point 

along the flame front. Unfortunately, the "flame stretch" 

effect and the quenching effect of the burner may both 

  

influence the concentration profiles in this part of the fl. 

and the interpretation of the lines of constant concentration 

within the primary reaction zone is extremely difficult. 

In Graphs 71 and 2, increases in fuel concentration in the 

secondary combustion zone of the type described in paragragh (i) are 

evident.



profiles of the type described in 

  

it is advisable to disregard the lines for Ry = 1.0 for 

  

ugsed in section 4.6.1. If this is done there is 

  

on 2 parent degre 

  

e in reaction zone thi 

  

ess in th 

  

region of =11 three Eydrogen-Propane-Air flames. This 

  

seen more clearly in the 1.0 and 1.2 stoichiometric than 

the 0 eS stoichionetric flame. By itself this decrease in prinary 

reaction zone thi 

  

ness would not be conclusive, but when considered 

with the observed increases in fuel concentration in the secondary reaction 

sone, provides considerable support for the preferential diffusion 

hypothesis. 

 



  

3 FOR FUTUR ° WORK. 

  

 Goxerusrons AND | SUGGESTION 
i . Wile 

  

  



CLUSIONS AND SUGGESTIONS TOR FULURS WOR 

    

1. The flene stretch correlation as proposed by Reed is capable of 

predicting the critical boundary velocity gradient ot blow-off of 

laminar prenixed burner flames if a11 of the following pre-requisites 

are metre 

(i) The fuel gas contains no Hydrogen 

  

(44) The primary 

$4} The secondary atmosphere is either Air or Nitrogen. 

  

2. The preferential diffusion of Hydrogen towards the point of 

  

stability at the base of the flame can account for the anoi 

fleme stretch factor-fuel concentration relationships which are found if 
, 

Hydrogen is present in the fuel gas. 

  3. Hydrogen concentration profiles determined in the stabilising region 

  ste preferentvia.        
of laminar Hydrogen-Propane-Air flames are consistent with th 

diffusion hypothesis. 

4. The preferential diffusion factor as derived in section 2 ney be 

considered as 2 measure of the degree to which preferential diffusion 

will occur in the stabilising region of a laminar burner flame. 

ay Preferential diffusion factor has been correlated against critical 

fleme stretch factor for the Hydrogen-Propane-Air system and from this, 

equation (4.4) has been derived. 

6. It is proposed thot equation (4.4) may be used to predict the 

influence of preferential diffusion of Hydrogen on the blow-off of any 

ominar flame. This equation relates the critical flame stretch factor 

to that which might be expected to exist if no significant preferential



diffusion occurred. There is therefore no reason to apply the three 

in conclusion 1,%0 the applicability of equation 

  

point has been confirmed using Helim/ouyrg 1 

  

ag the primary oxidant and secondary atmosphere 

  

but only when the sane gas mixture wes employed in both of these functions. 

Ts Preferential diffusion of the most mobile species in the primary 

dant mixture will always occur to some degree but this is 

  

fuel-ox 

unlikely to influence stability to a significant degree wmless the fuel 

g2s is Hydrogen. 

  
of burner flomes to be more fully understood ond more 

eceurately ct   wacterised.   

  

re Work related to this investirotion 
  

  

Under the above heading, investigations into the following would 

  

facilitete a better understanding of the limitations of the correlations 

  

3 presented in this dissertation:-     d propos: 

(i) The epplicability of the preferential diffusion factor concept 

to the blow-off of sernted flames in inert atmospheres. : 

(ii) ‘The applicability of the preferential diffusion factor concept 

to the blow-off of inverted flames. 

Clarifi 

  

ne reasons why the flame stretch correlation 

 



"+ proposed by Reed is not applicable when the inert constituent of 

the Air is replaced by one with different physical and transport 

properties. 

5.2.2 Long teri resesrch objectives 

From the discussion of experimental results and the subsequent 

conclusions it is apparent that Reed's flame stretch theory of blow-off 

contuins assumptions which, wien applied to laminar burner stabilised, 

premixed flames have proved in appropriate in some situations. It is 

the opinion of the euthor that further attempts to modify the theory 

would be of little value. In its present form, the original flame 

stretch correlation (equation 1.10) combined with the preferential 

diffusion factor modification provides a useful method for the prediction 

of blow-off cheracteristics in most situations encountered practically. 

Only rarely will a situation arise in practice for which this approach 

is inapplicable. 

term efforts mst therefore be directed towards a more    
ted approach to the problem which would eliminate the necessity 

  

iptions of the present theory. The first stage 

  

roach has already been undertaken by Dixon-Lewis and his 

colleagues. The propagation of Hydrogen-Oxygen-litrogen flames has 

already been characterised and this work has been discusse 

and 4. Such en approach must be extended to. more aerodynanically 

complex situations and more kinetically complex systents. . 

It is worth while noting, however, that the application of 

  

nisticated computation techniques, which are required: fox 

investigutions of this type, is expensive. It is likely, therefore, that 

mele ie



  

even when such methods can predict flame stability characteristics with 

considerable acoursoy, there may still be a requirement for less rigorous 

  

ich are simple and therefore inexpensive to apply. 

The investigations discussed in this dissertation heave been 

confined to premixed flones leaner in fuel than X = 1.36, the linit 

placed by Reed on the applicability of equation (1220) < In practice, 

meny burners are operated with fuel concentrations greater than this 

ue. It is to be hoped therefore that future theories will be 

    

icable to a wider range of fuel concentrations and possibly even to 

aiifusion flenes. 

iy LOB
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GRAPHS NOS. I-8 

CRITICAL BOUNDARY VELOCITY GRADIENT PLOTTED AGAINST FUEL 

CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING 

THE HYDROGEN-PROPANE-AIR SYSTEM. 

PRIMARY OXIDANT: AIR 

SECONDARY ATMOSPHERE: AIR
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FUEL GAS: 100% PROPANE 
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GRAPH NO. 9 

CRITICAL BOUNDARY VELOCITY GRADIENT PLOTTED AGAINST FUEL 

CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING 

THE ETHYLENE-AIR SYSTEM. 

PRIMARY OXIDANT: AIR 

SECONDARY ATMOSPHERE: AIR
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GRAPHS NOS. 10-12 

CRITICAL BOUNDARY VELOCITY GRADIENT PLOTTED AGAINST FUEL 

CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING 

PROPANE AND HYDROGEN AS FUEL GASES. 

PRIMARY OXIDANT: 21% OXYGEN 79% ARGON 

SECONDARY ATMOSPHERE: 21% OXYGEN 79% ARGON’:
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GRAPHS NOS. I3-I5 

CRITICAL BOUNDARY VELOCITY GRADIENT PLOITED AGAINST FUEL 

CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING 

PROPANE AND HYDROGEN AS FUEL GASES. 

PRIMARY OXIDANT: 21% OXYGEN 79% HELIUM 

SECONDARY ATMOSPHERE: 21% OXYGEN 79% HELIUM
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GRAPHS NOS. 16-22 

BURNING VELOCITY PLOTTED AGAINST FUEL CONCENTRATION FOR 

THE HYDROGEN-PROPANE-AIR SYSTEM. 

PRIMARY OXIDANT: AIR 

SECONDARY ATMOSPHERE: AIR
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GRAPHS NOS. 24-26 

BURNING VELOCITY PLOTTED AGAINST FUEL CONCENTRATION USING 

PROPANE AND HYDROGEN AS THE FUEL GASES. 

PRIMARY OXIDANT: 21% OXYGEN 79% ARGON 

SECONDARY ATMOSPHERE: 21% OXYGEN 79% ARGON
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GRAPHS NOS. 27-29 

BURNING VELOCITY PLOTTED AGAINST FUEL CONCENTRATION USING 

PROPANE AND HYDROGEN AS THE FUEL GASES. 

PRIMARY OXIDANT: 21% OXYGEN 79% HELIUM 

SECONDARY ATMOSPHERE: 21% OXYGEN 79% HYDROGEN
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GRAPHS NOS. 32-43 

HYDROGEN CONCENTRATION PROFILES IN STABILISING REGION 

OF LAMINAR BURNER FLAMES. 

FUEL GAS: 40% PROPANE 60% HYDROGEN 

PRIMARY OXIDANT: AIR 

SECONNARY ATMOSPHERE: AIR 

FUEL CONCENTRATION: GRAPHS NOS. 32-35 : 0.8 STOICHIOMETRIC 

GRAPHS NOS. 36-39 ; I.0 STOICHIOMETRIC 

GRAPHS NOS. 40-43 : I.2 STOICHIOMETRIC
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GRAPHS NOS. 44-47 

ETHYLENE CONCENTRATION PROFILES IN STABILISING REGION 

OF LAMINAR BURNER FLAME. 

FUEL GAS: ETHYLENE 

PRIMARY OXIDANT: AIR 

SECONDARY ATMOSPHERE: AIR 

FUEL CONCENTRATION: I.0 STOICHIOMETRIC
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GRAPH NO. 52 

MAXIMUM BURNING VELOCITY PLOTTED AGAINST PERCHNTAGE HYDROGEN 

PRESENT IN TH! FUEL GAS MIXTURE.THE DATA vIAS OBTAINED FROM 

GRAPH NO. 49 AND HAS BEEN PRESENTED IN TABULAR FORM ABOVE 

THE ‘GRAPH, 
a
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GRAPH NO. 53 

MAXIMUM BURNING VELOCITY PLOTTED AGAINST MOLE FRACTION 

* OF FUEL IN THE UNBURNED GAS MIXTURE FOR THE HYDROGEN- 

PROPANE-AIR.AND HYDROGEN-METHANE-AIR SYSTEMS.
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GRAPHS NOS. 55-61 

CRITICAL FLAME STRETCH FACTOR PLOTTED AGAINST PREFERENTIAL 

DIFFUSION FACTOR FOR FLAMES OF CONSTANT AERATION USING 

THE HYDROGEN-PROPANE-AIR SYST=M.EQUATIONS OF THE LINES 

HAVE BEEN COMPUTED BY A "LEAST SQUARES* PROGRAM AND ARE 

INCLUDED ABOVE BACH GRAPH TOGETHER WITH STANDARD DEVIATION 

DATA. THE DOTTED LINES ART 95% CONFIDENCE LIMITS,
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PARAMETER C IN EQUATION 4.2 PLOTTED AGAINST FUEL CONCENTRATION. 

VALUES. OF C OBTAINED FROM GRAPHS NOS. 55~6I. 
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GRAPHS NOS 66-68 

CRITICAL FLAME STRETCH FACTOR PLOTTED AGAINST FURL CONCENTRATION 

FOR BLOW OFF OF LAMINAR BURNER FLAM™S USING PROPANE. AND HYDROGEN 

“AS FUEL GASES. 

PRIMARY OXIDANT: 21% OXYGEN 79% HELIUM 

SECONDARY ATMOSPHERE: 21% OXYGEN 79%¢ HELIUM
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10075 PROPANE 

GRAPH NO. 67 

FUEL GAS: 

60% PROPANE 

4076 HYDROGEN 

5 

CR
IT

IC
AL

 
FL
AM
E 

ST
RE

TC
H 

FA
CT

OR
 

(K
 

) 

  

  

a 

        
  

  

        

0 
0.5 T.0 I.5 

FUEL CONCENTRATION EXPRESSED AS A FRACTION oF 
STOICHIOMETRIC (X) 

T.0 

S 

E 
is 

3 
0.5 
2 
ee 
n 

3 

3 te 
E ie erent ee ere 
oO 

0 

0.5 r.0 1.5 

FUEL CONCUNTRATION EXPRUSS!D AS A FRACTION OF 
STOICHIOMBTRIC (X)



GRAPH NO. 68 

FUEL GAS: 

20% PROPANE . 

80% HYDROGEN 
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GRAPHS NOS. 70-73 

HYDROGEN CONCENTRATION PROFILES IN THE STABILISING RUGION 

OF LAMINAR AERATED BURNER FLAMES, 

FUEL GAS: GRAPHS 70~72:. 60% HYDROGEN 40% PROPANE 

GRAPH 73 : 100% BTAYLENE 

PRIMARY OXIDANT: AIR 

SECONDARY ATMOSPHERE: ATR
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Appen 2. 

A QUANTITATIVS ASSESSMENT OF ‘THE 

MAXIM ERRORS WHICH MAY ARISE 

FROM HS UXPSRIMENTAL TECHNIQUES USED.



  

4 quantitative assessment of the maximum errors which 
Mey arise from the experimental techniques used. 

The method used hag been described by Jensen and Jeffreys (A2.1). 

In section A2.1.1., the procedure has been reported in detail. There 

after, only the equations derived in a similar manner have been included. 

     42.1 Flow metering. 

ie)
 

«1.1 Correction of indicated flow rate to temperature and 
pressure ot the outlet of a variable sree flow meter 

Bquation (3.2) states as follows:- 

1 
ee o Py ie i (3.2) 

& Po ; 

This equation may be rewrittens- . 

Bie: 
Neh oe. Pa a Pp, = tp (42.2) 

C 5 9 Ly +5 ‘ sapien ji 
If Q, and P, refer to the flow meter calibration and W is a constant, 

it follows that for eny specific indicated flow rate 

  

ob 
Qos (42.2) 

pve 
where vi is 4 constant incorporating Qo and Woe 

Tow p ~ zg 

and o ue 
P a 

Therefore Q ee we [2 | 1p = W [=] Yo (42.3) 
z ie 

where W A, constant 

Portially differentiating equation (A2.3)s- 

20 Urge pee ao/o a sd wep (A2.4)



I o 5 

p
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ro
 

L
e
 ST 

wo P (42.5) 

y Ww 

It may be shown that Q we Q (?,7) 

Sg 8g ee toe (1206) 
If Pond are siall it follows that 

& I 2a ORL ny alee (42.7) 

where 69 = error in flow measureuent arising from errors in pressure 

measurenent (6P) and temperature measurement (62). 

Stivstituting into equation (42.7) from equations (82.4) and (42.5) and 

dividing throughout ty ©, the following equation is obtaineds- 

            

a 1/62 65 
pice eee ae 

, 

(4) Evaluation of or 
¥ 

+ 
t 1 error in water manometer reading = - 0.1 mnm.Hg. 

+ 
iM un error in barometer reading = =~ 0.05 mn.ilg. 

. ‘ : i ct : é 
we Yotal maximum error in pressure reading = - 0.15 mug 

+0. + ’ Bi gS Fe Xt 100f ae 002% 

(ii) Evaluation of 62 
f 

: + 
in thermometer reading Sara! 0.05°C 

2 + 0.05 , + ; OF arnt $200 PX 20s ee O01 

Substituting from (i) and (ii) into equation (A2.8) 

2 = EE o.or7 * o.02)9t 

This has a maxinum value of 

Best o.onsset 
%



42.1.2 Correction for change of temperature and pressure 
f of pas during passage between flow meter and burner 

It is already lmown that @ = Q(P,T) 

by the gas laws it follows that Q et - (3 
: = 

It may then be. shown that 

8 Le: tse Gis Teneo (A2.9) 

The values of or and 6F evaluated in section A2.1.1 will be applicable 
if P 

to this correction also 

* ote , We gs (= 0.017 © 0.02)¢ 

This has a mexinum value of i , 

Q + , Oda te tag 
© 

A2.1.5 Addition errors srising in flow metering 
  

  

(3) m error arising in reading flow meter scale = 1/4 division 

5 + 0.25 y, + ) 
ae = = 507 X 100% = = 0.59 

(ii) Maximum error arising in reading of calibration chart 

a V5 division 

+ 

£7
5 

a
s
 

ol
. 

S
I
n
 

> u 0.2! 

     Total na 

  

The maxinun error from the different sources detailed in sections 

42.1.1.) 42.1.2, and A2.1.5 will be the swa of the individual maximum 

values 

i
+
 

4 508 (0.2 + 0.5 © 0.037 £ 0.0195) 9 

1+
 

oe 0.7569



hi 

  

3 the basic assumption that the calibration chart is correct 

An identical set of errors will have been introduced, however, during 

the production of the calibration graphs and an additional 0.06js error 

will 

  

uve been introduced by the use of the stop watch. The correct 

  noxinum flow metering error will be given by the following expressions- 

+ + ’ * “§ 
See. = - (2X 0.756 = 0.08)95 - = 1.59% 

42.2 Evaluation of fuel concentration as a fraction of stoichiometric 

xX =) W ,Q Q sf 
pa (42.10) _ 

‘A 

where Qa9 Bp a Volumetric flow rates of component 
ae fuel gases 

Q, s Volumetric flow rate of Air , 

7 = Constant (stoichiometric ratio) 

It may be shown that 

    

  

  

“A (42.11) 
Q 
“A 

Fron 

~ 1.5% 

ee Se , ile 
+ 1.5)6 = = 5.0% 

Equation (3.5) may be rewritten as followst- 

ol = 5 
ee Wy + & + %) (42.12) 

R?



where W = Constant 

R int burner radius 

It may be showvm that 

Q 0, O 

6> i RUAP be, + 53, Sta On x; 
5 Qua Cane Or a (42.13) 

2 Se De 

  

By a similar argument to that presented in section A2.2 it follows that 

& 6Q 8a, “I + 9 ; eta aes 16595 

a + Se 

R was evaluated by mensurement of the burner internal diameter 

    

s SE Se ae ba (A2.14) 
R a 

The imun error arising from the internal diameter measurement = 1077. 

oe 85 eee + ee ne = 210? «200, = + 0.657 
1.54 X 1077 

      

2 (1.6 23x 0.654) + 2 5.56 

  

  

Su = Q (3.7) 
A 

Tt y be shown that 

S5u = $9 . §&A fle EN 
aa @ - i (42.15) 

4 ne2 r. now A x 2 To Det ut) + 1b (x rv) 
2 x Oey nel n 

Fie 
: x 5 

- => (A2.16) 
yt



The maximum error in the evaluation of X may be approximated 

ty equation (42.17) 

620). tac) Be r = + a (42.17) 

inun error in evaluation of a = 107 9m 

  

5 
oe 2 #16? , , BE ey ee IOS Sy cog) aS x 

Maximum error in evaluation of r (average value) = 04a 

     

° 4 + , OS) we & = ree X 100% = = 16 

10 

+ , 
From equation (42.17) Moxinum error inZ = $F = = 2% 

Zz 

Moximan in BY Sor! s 8p - &a (A2.18) 
uy 3 Dp a 

where dp 2 Burner diemeter measurement on photograph 

074 e +1 ie Fas ee 
ay ‘a -=> ag % 100% 9+ 0.5% 

2X10 

From s ion 42.5 eRe From section A2.5 Sa a © 0.65% 

  

imum value of 87! = u 1.1593 
yt 

It may be shown from equation (42.16) that 

  

- = 22: (42.2 
4 > F! \acel 

+ 

  

value of 84 
A 

ene If , i} . 
X 1.15) = = 4.306 nO

 1 nD
 

+“, from equation (42.15) $30) 
Su/ Maxima 

t 5 (1.5 5 aeaye + 2 os “



  

42.5 Bvaluation of critical flame stretch 

Poo su" 

  

be show tha rh it nay 

    

ct 

    

be as mu j2 ond this is dis 

    

this culculation it will be of 

2118 15 

    

unreasonable as the deviation from 

Tespect all. 

  

“Lo, 
therefore that ollows 

  

ee FL, 
‘ina ce ea 

thee 
ei = 31.5% 

factor 

tions A2.3 and A2.4 . 

assuned that 

ideality in this 

12.0 + (22,07 2,0°2 (2x 6.0 . 
d 

* 
9) 

5 
} 

cussed in more detail in 

‘



no ON
 

ca rs 

  

mmary of Appendix 2 

  

  

      

Parameter : aa ee 

Volunetric flow rate (Q) : 1.5 

Fuel concentration (x) 30 

Critical boundary velocity gradient (gb) 365 

Durning velocity (Su) 6.0 

Critical flame stretch factor (x) 31.5 | 
  

The figure quoted for the third, fourth and fifth parameters listed 

adove do not take account of errors arising from no correction having 

been made for fluctuations in the temperature of the unburned gases. The 

influence on critical boundary velocity gradient and burning velocity br 

the unburned gas temperature has been studied by © number of workers 

  

(A2.2., 42.32, A204) although not for the gas mixtures studied in this   

investigation. It is reasonable to conclude that the inaccuracies from 

this source are unlikely to give to an inaccuracy in critical flame 

Ga , 
stretch factor of more than an additional - 3%. 
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lculation of p    

  

    

  

fas Mixtures. 

  

heats of multicomponent gas mixture were 

detemined assuming ideal behaviour. 

n 

a eo Pi (45.2) 

    

refers to ith component gas 

Cp = molal specific heat. 

It was felt that the errors arising from the asstwption of ideal 

vehaviour would be small, an opinion expressed also by a number of 

other authors. 

      322 Thermal conduc 3 

For the purpose of the calculation of thermal conductivity, the 

  

Vassiljewa equation was used in conjunction with the Lindsay and 

Bromley modification 

  

(43.3) be
 a ray
 

yp: 
where 455 = ae i ae 

af
    

 



      

and 3. = for non polar guses (45.5) J i 

Aaa epg aN Sp 50.7355), (8.382) Wo efon polar gases (43.6) 
ag tog 

ye = viscosity of pure component gas 

S. = Sutherland constant for pure component 

a = Sutherland interaction constant 

Ronn ny Ss. Ree SDS (45.7) 

re 13, = boiling point of pure component i (°X).8 + 

however, is desipmated as equalling 79° K 

where equation (A3.7)predicts a value lower 

, 

to test the ucouracy of ithis method of thermal      

de of      

  

x (43.1). He has reviewed the prediction 

  

ad has carried out experimental determi 

inst devised by Andrews (43.2). A comparison of 

    

erinentcl values shows that in most cases the 

  

rental value was peeeney than the eee values sometimes vy 

  

as much as 11% Sarker noted discrepancies as high as 20) but only in 

  

atures waich could not be used to stabilise a laminar flame. Thus = 

t ; ‘ ¢ neximua error of - 1275 has been used in Appendix 2 for assessment of the 

naxinun error in critical fleme stretch:factor determination. 

5 TA 
   

The method of Wilke has been used to predict viscosities of



  

1tiscomponent gus mixtures. 

(45.8) 

  

* 
where o:; S [2 ( 

  

. 

    

2.0%: for this method. 

method of preferential diffusion factor 

  

the diffusivities used in these calcvlationg calculation was required, 

45 coefficients of the molecular species in question in th Were binary eS 

In all cases, the latter constituted more than 90%: ? appropriate "Air". 

he unburned gas mixture ond so in the circumstances the assumption 

  

was not wnreasonable. 

Binary diffusion coefficients were calculated by the method of 

Gilliland and } 

    
       

  

ie 
. zs 0.0043 T eo ( + 

ij 3 
y, (43.10) 

P ; Dingt a. 
a 

2 is measured in atmospheres 

a is measured in deg.Ke 

= molecular volume of component i which may be approxinoted 

  

by the application of Kopp's law of additive volunes 

2 
vinery diffusivity measured in on“/s. 

 



lke and Lee based on the work of 

  

The alternative method of \ 

xvschfelder, Bird ond Spotz was considered for possible use.. Perry 

  

S compared the accuracy of the two methods as follows:- 

  

  

  

  

  

Perhaps a more useful comparison has been made by Jacobs and Peeters 

(43.4) end some of their results are included in the following toble:- oe) 

      

   

   

a, s 
ivity X 107 (i5/s) at 20°C 

and et al } Wilke et al + Experimental 
  

  

0.674 

0.2662 

0.1655 
;  0+2597 

| 0.2616 

t 

! 
‘ 
‘ 
‘ 

| 
' 

i 

    

16 the values predicted by the ne 

  

iy smaller than those predicted by 

  

land et al 

  

of Wilke et al. The discrepancies between experimental and predicted 

values correspond closely to the average values quoted by Perry. Clearly 

  

the method of ke et al provides more accurate results but is nore



. 
complex to apply. The use of Gillilend's method would provide velues 

of preferential diffusion factor of comparable accuracy to that to 

    critical flame stretch factor can be determined and is therefore 

satisfactory for use in this investigation. 

  

Jacobs; T., Feoters, L., Vormant, J., Bull. des Soc. 

  

Chimiques Belges 79, 537 (1970)



ANALYSIS OF 4 YEICAL SET OF BIOW-OFF 
DATA FOR 4 HYDROGEN-PROPANS-AIR MIXTURE, 

 



Appendix 4. 

alysis of a typical set of blow-off data for a 
Eydrocen-Propane-Air mixture. 

    

The following experimental readings were obtained in the manner 

described in section 35. 

Runtlo. t= 3V/6 Data Set Ko. t= 17. 

Date t- 1267-71 - 

Indicated Atmospheric Pressure t- 

  

Corrected Atmospheric Pressure t= 

  

  

  

urner Mo. t- 1 

Air flow t- Flow neter No. toate Fo. f 

Reading s- =: 10.20 
2 Outlet Pressure t= O.15 invweg. 

Cutlet Temperature t= 24.0°C 

Propane flow t- Flow meter No. t~ FS 
Reading t= 6.52 
Outlet Pressure te 0.12 in wg. 

Outlet Temperature :- 25.9°C 

  

Hydrogen flow t- Flow meter No. t- 

Reading tH 
Outlet Pressure t- 

  

Outlet Temperature :- 

Finel gas temperature t- 22.5°C 

Prom the flow meter calibration charts the following flow rates were 

indicateds- 

Air t= 5.085 1./min. 

  

ydrogen :- 0.1263 1./min. 

Propane t= 0.'Q842 1./min.



  

For the anelysis of these data, two computer programs were used. 

Both were written for the University I.C.L. 1905 digitel computer 

and in both cases the programming language was Algol. ‘The first of 

these (Pl) opplied the relevant equations to obtain the corrected ges 

flow rates for the conditions at the burner inlet. The second (F2) 

aleulated critical boundary velocity Gradient, Reynolds Number, 

physical properties, fuel concentrations etc. from the corrected gas 

flow rates and the burner di 

  

meter. The printout from the second of 

these programs for the data presented in section A4.1 is given in 

Bice Adile



MOLE FRACTION AIR 0,9366 

MOLE FRACTION HYDROGEN © 0.0381 

“MOLE FRACTION PROPANE 0,0253 

FRAUTION OF STOIC ho 

THERMAL CONDUCTING TY 0.039052 W/m SQUARED DEG C 

DENSITY 1.161786 KG/M CUBED 

BOUNDARY VELOCITY GRADIENT 2388,89 /S 

SPECIFIC HEAT 1074,364%3  J/KG DEG ¢ 

MOLE SE REENTAGE HYDROGEN IN FUEL 0.6004 

HYDROGEN FLOW ~ 2,07666666678 “6 MM CUBED/S 

PROPANE FLOW 4,38200000008 -6 M CUBED/S 

ATR FLOW 5.11166666688 #5 M CUBED/S 

VISCOSITY 000018557 _N S/M SQUARED 

REYNOLDS NUMBER 707,077 

PRINTOUT FROM COMPUTER PROGRAM P2 FOR DATA PRESENTED IN SECTION A4.1I. 

FIG. A4.1



PROGRAM PI 

"BEGIN ' ‘COMMENT 'BIZLEY?CEPSFOI6,ZFLOWCALCs 

‘INTEGER'N,M,R,S3 

‘REAL ' ROTEMP ,PRESS ,ATMOS ,P ,F INTEMP ,CORR,F ,NEWFLOW; 

R:=03;, 

~ S:=READ; (Number of sets of data) 

FIRST:N:=READ; (Number of flows per set of data) 

M:=03 

ATMOS:=READ; (Atmospheric pressure) 

SECOND:PRESS:=READ; (Flowmeter outlet pressure) 

P.: =PRESS*25.4/13.6+ATMOS; - 

ROTEMP:=READ; -. (Flowmeter outlet temperature) 

ROTEMP : =ROTEMP+273.0; 

F:=READ; (Indicated flow) 

CORR:=F*((760.0*ROTEMP/ (2 91.0*P))'**'0.5)5 

FINTEMP:=READ; (Burner inlet temperature) 

FINTEMP : =F INTEMP+273.0; 

NEWFLOW: =CORR*ATMOS*ROTEMP/ (P*F INTEMP) ; 

OUTPUT (NEWFLOW) ; 

NEWLINE (2); 
Mi=M+I3 

‘IF'M'GE'N'THEN' 'GOTO' THIRD; 

*GOTO'SECOND; 

THIRD:R:=R+15; 

NEWLINE (5)5 
‘IF'R'GE'S'THEN' 'GOTO'FINISH; 

‘GOTO'FIRST; 

FINISH: 'END'; 

PROGRAM P2 

“BEGIN' ‘COMMENT 'BIZLEY ,CEPSFOI6, ZANALYSIS; 

"INTEGER'N,M,R,S3 

"REAL' VPC VAC, VHC, VASTOIC,X,KM,KONE ,KTWO,KTHREE ,AONETWO,AONETHREE ,ATWOON 

E,ATWOTHREE ,ATHREEONE ,ATHREETWO,T ,MUONE ,MUTWO,MUTHREE,SONE;STWO,STHREE ,S 

ONTWO, SONTHREE , STHTHREE , YONE ,YTWO, YTHREE , VOL, WONE ,WTWO,WTHREE , PRESS , DENS 

»DIA,MASSAIR,MASSHY ,MASSPRO,BOUN , SPHT , SPHY ,SPAIR, SPPRO,PERC ,FIONETWO,FIT 

WOONE ,FIONETHREE ,F ITHREEONE ,FITWOTHREE ,F ITHREETWO,MUM, RE 5 

R:=05; 

S:5READ; (Number of sets of data)



FIRST:M:=READ; (Number of blow-off determinations per set) 

PRESS:=READ; (Atmospheric pressure) 

DIA:=READ; (Burner diameter) 

Nz=05 

EXECUTE :T:=READ;T:=1+273.0; (Temperature of unburned gases) 

VAC:=READ; (Corrected air flow) 

VHC:=READ; (Corrected hydrogen flow) 

VPC:=READ; (Corrected propane flow) 

VASTOIC: =23.8*VPC+2.38*VHC ; 

X:=VASTOIC/VAC; 

VOL: =VAC+VHC+VPC; 

PROPANE : =STHREE : =347.73 2 

YTHREE: =VPC/VOL; 

KTHREE : 50. 00000038* (T'**'1.79) ; 

MUTHREE : =0.00147+(0.0000223*T) ; 

WTHREE:=44.0; 

RESTART : YONE: =VAC/VOL; 

YTWO: =VHC/VOL; 

SONE:=79.03;STWO:=79.0; 

KONE: =0.0001135*(T'**'0.859); 

KTWO:=0.000902*(T'**'0.839); 

MUONE : =0.0054+(0.000042*T) ; 

MUTWO:=0.00313+(0.00001935*T) ; 

WONE :=28.85WTWO: =2.0; 

SONTWO: =(SONE*STWO) '**'0.5; 

SONTHREE : =(SONE*STHREE) '**'0.5; 

STWTHREE : =(STWO*STHREE ) '**'0.5; 

CALCULATE : AONETHO: =0.25*(I.0+( (MUONE /MUTWO)* ( (HTWO/WONE)'**'0.75)*(I+(SO 
* NE/T))/(1+(STWO/T)))'**'0.5) !**'2.0*((1+(SONTHO/T) )/(1+(SONE/T))) 
AONETHREE : =0.25*(1.0+( (MUONE/MUTHREE )* ( (WTHREE/WONE ) '**'0.75)*(14+(SONE/T 

))/(1+(STHREE/T) ))'**'0.5) '**'2,0*( (I+(SONTHREE/T) )/(1+(SONE/T)))5 
ATWOONE : =0.25*(1.0+( (MUTWO/MUONE )* ( (WONE/WTWO) '**'0,75)*(1+(STWO/T))/(I+ 

(SONE/T))) '***0.5)'**#2,0*((14+(SONTHO/T) )/(I+(STWO/T))) 5 
ATWOTHREE :=0. 25*(1.0+( (MUTWO/MUTHREE )* ( (WTHREE/WTWO) '**'0.75)*(I+(STWO/T 

))/(1+(STHREE/T) ))'**"0,5) '**'2,0*( (14+(STWTHREE/T) )/(1+(STWO/T)))5 
ATHREEONE : =0. 25* (1. 0+( (MUTHREE/MUONE )* ( (WONE/WTHREE) '**"0.75)*(1+(STHREE 

/T))/(1+(SONE/T) ))***'0.5) '**'2,0*((1+(SONTHREE/T))/(1+(STHREE/T))) 3 
ATHREETWO:=0.25* (1.0+( (MUTHREE/MUTWO)* ( (WTWO/WTHREE ) '**'0.75)*(1+(STHREE 

/T))/(1+(STWO/T) ))'**'0.5) '**'2.0*((1+(STWTHREE/T) )/(1+(STHREE/T) )) 5 
EVALUATE : KM: =(KONE/ (I+( (AONETWO* (YONE/YTWO) )+(AONETHREE* (YONE/YTHREE ) ) ) )



)+(KTWO/(I+( (ATWOONE* (YTWO/YONE) )+(ATHOTHREE* (YTWO/YTHREE) ) )))+(KTHREE/( 
1+ ( (ATHREE ONE (YTHREE/Y ONE) )+(ATHREETHO* (YTHREE/YTWO))))) + 

KM: =KM#I. 7313 
WRITETEXT(' (*MOLESFRACTIONZAIR')') 5 
SPACE (5); 
PRINT(YONE,I,4); 
NEWLINE (2) 3 
WRITETEXT(*(*MOLESFRACTIONSHYDROGEN')*) 
SPACE(5)5 
PRINT(YTHO,1,4); 
NEWLINE (2) 5 
WRITETEXT ( ‘ (*MOLEFRACTIONSPROPANE' )'); 
SPACE (5) 3 
PRINT(YTHREE ,1,4) 
NEWLINE (3); 
URITETEXT( * (*FRACTIONZOFZSTOIC')') 5 
SPACE(5); 
PRINT(X,3, 3); 
NEWLINE (3) 
WRITETEXT( *(*THERMALRCONDUCTIVITY')"); 
SPACE(5); 

PRINT(KM,3,6) sSPACE (I) sHRITETEXT( ' ( 'H/M9SQUAREDZDEGKC')") ; 
NEWLINE (3); 
MASSAIR: =YONE*28.8/(YONE*28. 8+YTWO*2. O+YTHREE*44. 0); 
MASSHY:=YTWO*2.0/(YONE*28. 8+YTWO*2.0+VTHREE*44.0) 5 
MASSPRO: =YTHREE*44. 0/(YONE*28.8+YTNO*2.0+YTHREE*44.0) ; 
DENS: = (YONE*28..8/22400.0+YTWO*2:0/22400. 0+YTHREE*44.0/22400.0)*(273.0/T) 

* (PRESS/760.0) ; 
DENS: =DENS*1000.0; \ 
WRITETEXT(‘("DENSITY')'); 
SPACE (5); 
PRINT (DENS, 4,6) ;SPACE(I) ;WRITETEXT( '('KG/M%CUBED' ) *) ; 

- NEWLINE (3) 5 
VOL: =VOL*I000.0/60.0; 
BOUN :=4.0*VOL/((22.0/7.0)*( (DIA/2.0) '**'3. 0)); 
WRITETEXT ( ' (*BOUNDARYZVELOCITY%GRADIENT')'); 
SPACE (3); 
PRINT(BOUN ,6,2) SPACE(I) ;HRITETEXT('('/S')"); 
NEWLINE (3) 5 
SPHY: =0.5*(6.047-0.0002*T+(4.808'10'-7.0*(T'**'2.0)));



SPPRO:=(0.410+0.06471*T-(2.258'10'-7.0*(T'**'2.0)))/44.0; 
SPAIR:=(0.21*(6.148+0.003102*T-(9.23'10'-7.0*T'**'2.0)))+0.79*(6.449+0. 
001413*T-(0.0807'10'-7.0*(T'**'2.0))))/28.8; 

SPHT : sMASSHY*SPHY+MASSAIR*SPAIR+MASSPRO*SPPRO; 
SPHT:=SPHT*1000.0*4.187; 
WRITETEXT('('SPECIFICSHEAT')'); 
SPACE (5) 
PRINT(SPHT,6,4) sSPACE (I) ;WRITETEXT('('J/KGZDEG%C')'); 
NEWLINE(3) 
PERC: =VHC/(VHC+VPC) ; s 
WRITETEXT( ' ( 'MOLE%PERCENTAGEZHY DROGENZIN@FUEL')") ; 
SPACE(5)5 
PRINT(PERC,3,4); 
NEWLINE (3) 5 

VPC:=VPC/60000.0; 
VAC: =VAC/60000.0; 
VHC: =VHC/60000.0; 
WRITETEXT ('( ‘HYDROGENZFLOW' )') 5 
SPACE (3); 
PRINT(VHC,0,10);SPACE(I) ;HRITETEXT('(‘MZCUBED/S')'); 
NEWLINE (2)5 : 
WRITETE XT ("*( "PROPANESFLOW' )*) 3 
SPACE(3); 
PRINT(VPC,0,10) SPACE(I) sWRITETEXT('(‘M&CUBED/S')'); 
NEWLINE (2)5 
WRITETEXT('(‘AIRSFLOW')'); 
SPACE (3) 5 

PRINT(VAC,0,10);SPACE(I) ;WRITETEXT('('MZCUBED/S')'); 

NEWLINE (3); \ 

FIONETHO: =(1+( (MUONE/MUTWO) '**'0.5)* ( (WTWO/WONE) '**'0.25)'**'2.0)/((8.0! 
** 10.5) *(1+(WONE/WTHO) )'**'0.5)5 
FITWOONE : =F IONETWO* (MUTWO/MUONE )* (WONE/WTWO) ; 
FIONETHREE: =(1+( (MUONE/MUTHREE ) '**'0.5)*( (WTHREE/WONE)'**'0.25)'**'2.0)/ 
((8.0'**'0.5)*(1+(WONE/WTHREE) )'**'0.5)5 
FI THREE ONE : =F IONETHREE* (MUTHREE/MUONE )* (NONE /WTHREE) $ 
FITWOTHREE : =(1+( (MUTWO/MUTHREE ) '**'0.5)* ((WTHREE/WTWO) '**'0.25) '**'2.0)/ 
((8.0'**'0.5)*(1+(WTHO/WTHREE) )'**'0.5)5 
F ITHREETHO: =F ITHOTHREE* (MUTHREE /MUTWO)* (WTWO/WTHREE ) 
MUM: = (MUONE/ ( I+F IONETWO* (YTWO/YONE )+F IONETHREE* (YTHREE/YONE) ))+(MUTNO/ (I 
+F ITWOONE* (YONE /YTHO) +F ITWOTHREE* (YTHREE/YTHO) ) )-+(MUTHREE/ (I+F ITHREEONE*



(YONE/Y THREE )+F ITHREETWO* (YTWO/YTHREE) )); 
MUM: =MUM/1000. 0; 

WRITETEXT('(‘VISCOSITY')'); 
SPACE (5)5 

PRINT (MUM,1,9);SPACE(I); WRITETEXT(' ('N%S/MZSQUARED')'); 
NEWLINE (3)3 

RE: =VOL*DENS*28..0/(DIA*MUM*220000. 0) 

WRITETEXT('(‘REYNOLDS%NUMBER' )') ; 

SPACE (5); 

PRINT (RE 5,3) sNEWLINE(3); 

TERMINATE :N:=N+I 5 

VIF'N'GE'M' THEN’ ‘GOTO! TWO; 

"GOTO' EXECUTE ; 

THO: R: =R+I ;NEWLINE (8) 5 

‘IF'R'GE'S' THEN' 'GOTO'FINISH 

‘GOTO' FIRST; 

~ FINISH: 'END';
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THE INFLUENCE OF PREFERENTIAL DIFFUSION 
ON THE BLOW OFF OF LAMINAR AERATED 

BURNER FLAMES 

R.G. Temple and D.O. Bizley 
Department of Chemical Engineering 
University: of Aston in Birmingham 

Introduction 

The concept of. flame stretch was first applied to the 
analysis of blow off data by Lewis and Von Elbe (1). 
Reed (2) has applied the same concept to characterise the 
blow off of stabilised laminar, aerated burner flames by 
means of equation (i) 

  

nN, 
Ks Be BO 0 pesos a) 

pice isu Su 
P 

for x<1. 36 x G) 

where K = flame stretch factor : 
gb = critical boundary velocity gradient 

Noe preheat zone thickness 

p = densi: 
e specific heat . 

k thermal conductivity 

| Su = burning velocity : 
x = fuel concentration expressed as a fraction 

of stoichiometric 
« = O for flames with a primary reaction zone 

only 
= 1 for flames with both a primary and a 

secondary reaction zone 

He found, however, that it is not possible to 
characterise Hydrogen-Air flames by this general correlation 
and attributed this behaviour to preferential diffusion. 
By this mechanism, the concentration of a light molecular 
species may be elevated in a region of a flame in which 
the flow lines diverge from one another while passing 
through the flame front. Such a situation exists in the 
stabilising region of a laminar aerated flame. This 
explanation has by no means gained universal acceptance. 
It is the purpose of this work therefore to clarify and 

characterise this mechanism. 
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Fig. 1 Concentration profiles in stabilising region 
of 1.0 stoichiometric flame. Concentrations expressed | 
as a fraction of unburned gas concentration 

  

  

Evidence for Existence of Preferential 
Diffusion :   

Hydrogen concentration profiles have been plotted in 
the stabilising region of a Hydrogen-Propane-Air flame 
with 60% H, in the fuel mixture and degrees of aeration 
equivalent“to 0.8, 1.0 and 1.2 Stoichiometric. The flames’ 
were stabilised on a 0.00782m diameter cylindrical burner. 
Sampling was carried out by means of a quartz microprobe 
system similar to that described by Fristrom and Westenburg 
(3) and ‘samples were analysed with a gas chromatograph. 
Concentrations were expressed as a ratio of the local 
concentration to that in the unburned gases and Fig. 1. 
shows a typical set of profiles for the 1.0 stoichiometric 
flame. There is strong evidence of an increase of 
secondary combustion in the stabilising region which is 
indicative of an increase in fuel concentration attributable 
to preferential diffusion. Similar indications were found 
in the 0.8 and 1.2 Stoichiometric flames. 

noe



Characterising of Preferential Diffusion Process 

In an earlier paper (4), the use of a dimensionless 
group termed the preferential diffusion factor (F) to 
characterise the degree to which preferential diffusion is 
likely to occur, has been discussed. The group was 

derived using a dimensional approach and may be considered 
as the product of two Lewis Numbers and two concentration 
terms 
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Fig. 2, Flame Stretch Factor - Fuel concentration correlations 
for fuel gas mixtures containing 20, 40, 60, 80 and 90% 
Hydrogen 

oe



D 
x 

Subscripts 1 and 2 refer to light molecular species in the 
unburned gases and combustion products respectively. 

Diffusivity 
mole fraction - - n

n
 

The various physical and transport properties are 
evaluated at the temperature of the unburned gases as this 
region will provide a greater resistance to mass transfer 
than the hotter regions of the flame front. 

The blow off characteristics of a typical system, 
Hydrogen~Propane-Air have been studied with fuel gas 
mixtures of 0, 20, 40, 60, 80 and 90% Hydrogen present, 
using cylindrical burners of sufficient length to ensure 
a fully developed laminar velocity profile. Burning ~. 
velocity data has also been obtained using a “total area" 
method employing a Schlieren optical system. 

These data have been analysed on a flame stretch 
basis (Fig. 2.) and it has been found possible to character- 
ise the correlations obtained by the relationship in 
equation (iii) 

Ke Ki e® “ o.7<<x <1.3 Gai) 
where K' is the flame stretch factor determined experiment- 
ally for the situation in which no preferential diffusion is 
expected and C may be expressed empirically as follows 

C= 98.6 + (-«) GF. - 6.85) (iv) 
In this system, the Aieetise 1 represents Hydrogen and 2 
represents water, the concentration of which has been 
evaluated assuming complete combustion of as much fuel as 
there is sufficient oxygen for. The average discrepancy 
between critical flame stretch factors predicted by these 
correlations and those determined experimentally was less 
than +7% of the experimental value. 

  

Evaluation of preferential diffusion factors for a 
variety of gases has indicated that Hydrogen is the only 
fuel gas of sufficiently low molecular weight to influence 
blow off characteristics to any significant degree. It 
seems likely, however, that it may account for the minor 
variations observed by Edmondson and Heap in their study of 
the blow off of a number of aerated hydrocarbon flames (5). 

ele



“In order to vary the transport properties of the Hydrogen- 
Propane-Air System, the Nitrogen present in the Air has . - 
been replaced by both Helium and Argon. In both cases, 
fuel gas mixtures containing 0, 40 and 80% Hydrogen were 
studied and flame stretch correlations obtained in a 
similar manner to that already described. In the case 
of Argon the average discrepancy between experimental 
and predicted critical flame stretch factors was 10.4% 
and the maximum discrepancy 34.2%. In the case of 
Helium these figures were + 18.1% and 42.7% respectively. 

It is perhaps worth noting that when using both 
Helium and Argon, the flame stretch factors obtained when 
no Hydrogen was present in the fuel were substantially 
lower than those that were predicted by Reed's theory, 
and this provides a further limitation to the 
applicability of the flame stretch theory. 

In order to assess whether the correlations are 
applicable to all gas mixtures containing Hydrogen, the 
experimentally-determined blow off data of Grumer and 
Harris (6) and the burning velocity data of Scholte and 
Vaags (7) for the Hydrogen-Methane-Air system have been 
analysed on a flame stretch basis. An average 
discrepancy of + 35% of the experimental values has been 
found between experimental and predicted critical flame 
stretch fectors. It should be pointed out that Reed 
has already indicated that flame stretch factors may be 
determined only to an accuracy of + 60%. : 

. Conclusions 
(1) These results indicate that preferential diffusion 
occurs in the stabilising region of laminar, aerated flames. 
(2) For practical purposes, equations (iii) and (iv) may 
be used to predict blow off characteristics even in 
situations where preferential diffusion is likely to occur. 
For_normal aerated systems K' may be approximated by 
equation (i) in whch case 

eee a pc Sus 6.4 
gb = 0.23 cena (1 + (x°°"-1) «) exp ({38.6 + (1-<) 

2.64 
C6-625 - 6.85)}F) for 0.7 <x <1.3 (v)
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The Influence of Hydrogen on the Blow-off 
of Laminar Aerated Burner Flames 

R.G. Temple, B.Sc.,Ph.0.,C.Eng.,F.Inst.F.,M.1.Chem.E., & 
‘D.O. Bizley, B.Sc. (Department of Chemical Engineering, 

The University of Aston in Birmingham), 

Nomenclature 

Parameter defined in equation (viii) 

Specific heat of unburned gas mixture (J/kg.Deg.C.) 

Burner diameter (m) 

Molecular diffusivity (m*/s) 

Preferential diffusion factor as defined in equation (iv) 

Critical boundary velocity gradient (s~') 

Thermal conductivity of unburned gas mixture (W/m?Deg.C.) 

Critical flame stretch factor for system in which no significant 
preferential diffusion occurs 

Critical flame stretch factor for any system 

Entry length (m) 

Volumetric flowrate (m*/s) 

Reynolds Number 

Burning velocity (m/s) 

Local gas velocity (m/s) 

Concentration expressed as mole fraction 

Fuel concentration expressed as a fraction of stoichiometric 

Parameter defined in equation (i) 

Preheat zone thickness as defined in equation (ii) 

Density of unburned gas mixture (kg/m?) 

Introduction 

Some six years ago Reed proposed the Flame Stretch Theory of blow-off (1,2). 

theory proposed that blow-off occurred as a result of excessive aerodynamic 

quenching, or “flame stretch", in the stabilising region of a flame. It further 

suggested that it was possible to predict when blow-off of any aerated burner 

flame would occur from the following equation: 

Ke i = 0.23 [1 + (x54 - 1) a] (i) 

0.7<X< 1.36 

aS



where 

a= 0 for flames with a primary reaction zone only 

a = 1 for flames with both a primary and secondary reaction zone 

and 

mh acksa (ii) 

There is no theoretical reason for the imposition of the lower limit of 

applicability in equation (i) and the limit merely defines the leanest 

flames for which experimental data was available for testing the validity 

of the equation. 

The theory in no way invalidates experimentally determined correlations 

of critical boundary velocity gradient against fuel concentration, but did 

succeed in explaining the anomalies of the Boundary Velocity Gradient Theory 

of Lewis and Von Elbe (3). Edmondson and Heap (4) later showed that each 

fuel gas had its own unique critical flame stretch factor-fuel concentration 

relationship, but that the deviation from equation (i) was so small as to be 

comparatively insignificant from the burner designer's point of view. 

Reed (1) has also shown, however, that the Hydrogen-Air System does not 

relate closely to the general flame stretch correlation. He has suggested 

that preferential diffusion, the phenomenon which is responsible for the 

formation of cellular and polyhedral flames, can also account for the 

anomalous blow-off behaviour of this system. Both Edmondson and Heap (5) 

and Blandon (6) have criticised this suggestion and the former workers have 

proposed the alternative explanation of ‘intermixing with the surrounding 

atmosphere’. Work by Reed (7), Datta et al (8) and Smith (9) has shown that 

this alternative explanation is unlikely to be correct. 

With the introduction of Natural Gas in Britain, interest has been shown 

in Synthetic Natural Gases which may contain significant concentrations of 

Hydrogen. It is important that the burner designer should be able to predict 

the blow-off characteristics of such gases without needing to carry out the 

time consuming work required to obtain an experimentally determined critical 

boundary velocity gradient correlation. This paper presents an attempt to 

characterise the influence of Hydrogen on the blow-off of laminar, aerated 

flames by redefining the flame stretch factor to incorporate a term 

characterising the tendency for preferential diffusion to occur.



3. The Effect of Preferential Diffusion on Laminar Flames. 

An understanding of the mechanism by which preferential diffusion 

occurs is essential if one is to characterise this process. Let us 

consider a flame front which meets the bulk gas flow at an angle B 

(Fig.1). Then for preferential diffusion to occur it is necessary for 

one or more of the species present in the combustion products to diffuse 

against the bulk gas flow into the preheat zone of the unburned gases. 

The tendency for this to occur will be greater for a mobile species, 

like water vapour, than for instance Carbon Dioxide. Concentration profiles 

plotted by Datta et al (8) have shown that such fluxes do occur in practice. 

The presence of any such species in the preheat zone will cause a concentration 

gradient across the unburned gas at right angles to the flame front of all 

species present in the unburned gas mixture. The most mobile of these will 

diffuse towards the flame front (Fig.2). It is, of course, true that a 

concentration gradient will exist along the flow lines, but any diffusion 

  

in this direction will cause no overall concentration changes along the 

flame front. It is equally true that along a section of Tlame front of 

constant angle 8, the loss of mobile species from a flow line will be 

exactly balanced by a gain from the adjacent flow lines. Thus there will 

be no concentration variations along the flame front. In practice this 

situation is unlikely to exist as preheating of the unburned gas will lead 

to distortion of the flow lines increasing 8 as the flame front is approached. 

In a region of flame front curvature, however, as is present in the stabilising 

region of a flame, there will be an increase in the concentration of the 

mobile species at the point of stability (Fig.3) caused by diffusion from 

adjacent flow lines. It may be noted that flame front curvature need not 

in theory be present for preferential diffusion to occur provided a suitable 

flow régime exists. Similarly, if all flow lines meet a region of flame 

front curvature at right angles, again no preferential diffusion will occur. 

The point of stability is the only point at which the local unburned gas 

velocity (v) is exactly equal and opposite to the burning velocity (Su). 

At all other points on the flame front the former exceeds the latter such 

that Su = v Sin 8. It follows that blow-off of a flame is directly governed 

by the gas composition at the point of stability. 

An increase in concentration of certain species at the point of stability 

to a value greater than that present in the bulk of the unburned gases may 

cause a change in burning velocity and possibly heat transfer from the



secondary reaction zone to the primary flame front. Neither of these 

are taken into account in the normal evaluation of the flame stretch 

factor, It has already been pointed out that preferential diffusion 

is often associated with the formation of polyhedral or cellular flame 

fronts. From the above description, however, it may be concluded that 

the absence of such flame fromts does not automatically proclude the 

existence of preferential diffusion. 

Several workers have tried to take preferential diffusion into 

account in their mathematical models of flame fronts. These include 

Markstein (10), Eckhaus (11) and Parlange (12). They all make such 

drastic simplifying assumptions, however, that their results, while being 

of great qualitative interest, do not provide us with a means of 

quantitatively assessing the effect of preferential diffusion in the 

stabilising region of a laminar fleme. Parlange's model is perhaps the 

most sophisticated of those available. He has not only studied the case 

of a light species present in excess or deficiency in the unburnt gases, 

but also that of a light species formed as a product of combustion. In 

the latter case he has shown that conduction plays a very similar role to 

that played by diffusion in the former cases. It may further be pointed 

out that until we are able to fully characterise the kinetics of the chemical 

reactions taking place within the flame front, it will be unlikely that we 

can predict the concentrations of the various molecular species present with 

sufficient accuracy to adequately characterise the diffusion processes. It 

may also be concluded that any relationships which could be derived from 

such a mathematical model would be likely to be of such complexity as to 

render them useless to the designer. 

It therefore seemed a more profitable approach to the problem, in the 

light of the available knowledge of the processes involved, to develop a 

dimensionless group which would characterise the tendency for preferential 

diffusion to occur and to attempt to correlate this with experimentally 

determined blow-off data. 

The degree to which preferential diffusion will affect the flame 

stability will be related to the following parameters:- 

(i) Diffusivity of mobile combustion products in the unburned 

gas mixture (D,). 

(ii) Concentration gradient of the above species. This will be 

related to the concentration (x) of these species in the 

combustion products. For this to be evaluated, perfect 

combustion is assumed,



(iii) Diffusivity of mobile species in the unburned gases (D5) 

(iv) Concentrations of these species in the unburned gases (Xo) 

(v) 
(vi) Density, specific heat, thermal conductivity of unburned 

gas mixture (p, Cp, k) 
(vii): 

Let the degree to which preferential diffusion will alter the concentration 

of a mobile species in the stabilising zone be characterised by a dimensionless 

group (F) termed the preferential diffusion factor. By the "n" method of 

dimensional analysis it may be shown that 

n. n 
1 n. 3 n 

a ( ) Ape ) sy (iti) 
k/pCp k/pCp 

where Ny, Nos Ng and nq are the powers to which the various dimensionless 

groups are raised. It is clear that all four of these powers will be positive. 

However, to take the analysis further it has been necessary to make the 

following additional assumptions :- 

(i) As the second and fourth dimensionless quantities in equation (iii) 

are closely associated with those inmediately preceding them it 

has been assumed that no = ny and ny = Ng. 

(ii) The relationship between nj, and ng could be found experimentally 

if x; and Xp could be varied independently. As this is not possible, 

however, it has been assumed that ny =n; = 1. F has thus been 

defined as follows:- 

F (uh (cis Xo (iv) 
F/otp 

It may be seen that F can be considered as the product of two Lewis Numbers 

and two concentration terms. The Lewis number is the ratio of molecular to 

thermal diffusivities. Thermal diffusivity in this case refers not to 

diffusion of molecules caused by a thermal driving force but rather the 

analogous heat transfer process to mass transfer by molecular diffusion. 

Our object was to relate the value of F to a change in stability. It 

was, therefore, decided to attempt to relate F directly to Critical Flame 

Stretch Factor as the latter was the only variable which could take account 

of the changes of both burning velocity and heat transfer to the primary 

flame front. 
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It is necessary to identify the molectular species most likely to 

affect the process. For the majority of cases,the species most likely 

to diffuse back into the unburned gases is water vapour. The only species 

likely to diffuse in the unburned gases will be a low molecular weight gas 

(e.g. Hydrogen, Ethylene, Acetylene, Methane). In practice only Hydrogen 

is found to diffuse to a sufficient degree to cause a marked change in 

stability in an aerated flame. It does follow, however, that all flames 

are subject to preferential diffusion phenomena to a greater or lesser 

degree and this is reflected in the series of closely related lines plotted 

by Edmondson and Heap (4,5) of critical flame stretch factor against fuel 

concentration on cylindrical burners for different fuel gases. 

4. Experimental Work. 

To relate flame stretch factor to preferential diffusion factor it 

was necessary to study the progressive influence of the addition of 

Hydrogen to a system which was known to obey fairly closely the general 

flame stretch correlation. For this purpose the Propane -A ir system was 

chosen. Although limited data is available for both critical boundary 

velocity gradient at blow-off and burning velocity for the Hydrogen-Propane- 

Air system from the literature it was felt that it was essential that 

experimentally consistent data should be determined. This was because the 

absolute accuracy of flame stretch factor is normally only + 60% and to 

base conclusions on such inaccuracies would be hazardous. If consistent 

data is used, however, it is possible to reduce the variation within the 

data to + 20% and to draw reasonable conclusions even though the absolute 

accuracy is not increased beyond the original figure of + 60%. 

Fuel gases were supplied from high pressure cylinders and air was 

supplied from a central high pressure main. The gases were dried using 

silica gel and metered through variable area flow meters which were accurately 

calibrated. Temperature control was not employed but temperature was closely 

monitored both at the flow meter outlets and the burner inlet and the latter 

temperature was found to remain within the range 293° kK + 3°. Thus it was 

estimated that flow metering accuracy was to within + 1.5%. Four cylindrical 

burners of diameters varying between 0.008 and 0.0015 m were used for blow-off 

determinations. These were constructed of sufficient length to ensure a fully 

developed laminar velocity profile and thus enable accurate determination of



the critical boundary velocity gradient. The entry length Le ina 

cylindrical tube for fully developed laminar flow is given by the 

equation 1 

Le = 0.035 d.Re (v) 

Re = Reynolds Number, the maximum value of which will be = 2000 

The maximum value of Le is given by 

Le = 70.d (vi) 

The burners were situated in a 0.175 m diameter tower up which the 

secondary atmosphere was passed. A layer of glass ballotini supported 

on wire gauze was placed above the secondary atmosphere distributor at 

the base of the tower to ensure uniform flow distribution. Two diametrically 

opposed plate glass windows were fitted to facilitate the viewing of the 

flame. The critical flow rate was determined by presetting the required 

fuel flow rate and Propane/Hydrogen ratio and increasing the primary air 

flow until blow-off occurred. The procedure was repeated several times to 

ensure reproducibility. The boundary velocity gradient was predicted from 

the formula 

32Q 
gb 

nd? 
(vii) 

The onset of turbulence could be observed visually but as an additional 

safeguard, Reynolds Number was determined for each measurement and cases 

rejected where Re > 1800. Fuel mixtures with 0, 20, 40, 60, 80, 90, 95. 

and 100% Hydrogen in the fuel were tested and the results obtained are 

shown in Fig.4. Over the ranges applicable these agree fairly closely 

with the results obtained by Reiter and Wright (12). There is little 

agreement, however, with the curves that can be predicted by the method of 

Van Krevelen and Chermin (14). Throughout the determination of critical 

boundary velocity gradients ,care was taken to avoid data obtained from non- 

isotropic, polyhedral flames. These structures were encountered in 

fuel-rich flames with high Propane concentrations and fuel-lean flames where 

high Hydrogen concentractions were present, but it was sometimes found 

possible to obtain data for an isotropic flame of comparable composition 

by using a burner of a different diameter. Although such non-isotropic 

flames are of considerable interest, it was recognised that they might serve 

to mask the overall behaviour of the more normally encountered isotropic flames.



In the choice of a method of burning velocity determination the two 

chief considerations were accuracy and speed of determination. The latter 

was essential as the number of determinations was considerable to enable 

flame stretch factors to be computed for all the blow-off data obtained, 

It was decided to use a total area burner method, the schlieren image of 

the cone being used to determine the area of the flame front. The optical 

system consisted of a high pressure mercury arc, a collimator, a biconvex 

lens and a pinhole to produce a point source, two schlieren concave mirrors, 

and a schlieren knife-edge. 

This equipment was mounted on two 2m. optical benches placed either 

side of the tower in which the burner was situated. The image of the flame 

was projected directly onto the film of a single lens reflex camera from 

which the lens had been removed. Enlargements were made from the photographs 

obtained and from these the total area of the schlieren cone was measured by 

the method described by Senior (15). This consists of treating the cone as 

comprising of a large number of frustra. Although some work was carried out 

using a nozzle burner, more consistent burning velocity data was obtained 

using the largest of the cylindrical burners and thus the latter was employed. 

It is known that this method of burning velocity determination gives results 

which are slightly too low, but this was considered acceptable for the use to 

which the data was to be put. Data of Guenther and Jarisch (16) and Edmondson 

and Heap (17)were used for the Hydrogen-Air system as the cylindrica] burner 

employed was not suitable for the high burning velocities present in this 

system. The results are shown in Fig.5. The graph of maximum burning 

velocity against percentage Hydrogen present demonstrates the effect of 

progressive introduction of Hydrogen (Fig.6). 

5. Flame Stretch Analysis 

Critical flame stretch factors as defined in (i) and (ii) were computed 

for each of the systems studied. Densities and specific heats were determined 

assuming ideal gas mixtures. Thermal conductivities were determined using 

the Wassiljewa equation applied using the method of Lindsay and Bromley. 

The results obtained are shown in Fig.7. 

Preferential diffusion factors were determined for each of the systems 

studied. The following assumptions have been made:- 

(i) 0, = diffusivity of water vapour in Air 

(44) Dy diffusivity of Hydrogen in Air 

=B-



Concentrations of other gases are low relative to Air in all cases. 

D, and D5 are evaluated at the unburned gas temperature as at this low 
temperature their values will be at their lowest and so this low 

temperature region will provide the controlling resistance to mass 

transfer. 

(iii) X, = concentration of water vapour in the combustion products 

assuming perfect primary combustion 

(iv) Xp = concentration of Hydrogen in unburned gases 

(v) ky, Cp are unaffected and retain the values used in flame stretch 

factor determination. 

Diffusivities have been computed by the methods of Gilliland and Maxwell, 
and Wilke and Lee based on the method of Hirschfelder, Bird and Spotz. A 

comparison of these methods together with experimentally determined -values 
of diffusivities has been given by Jacobs et al (18). 

It has been found possible to relate Preferential Diffusion Factor to 

experimentally determined values of Critical Flame Stretch Factor by 

relationships of the type (Fig.8):- 

kK = Kel (viii) 
where C = f(X) 

The average discrepancy bdetween experimental values and those predicted 

by the above correlations has been calculated as*6.93% of the experimental 

value. 

It has already been stated that for design purposes K' may be 

approximated by equation (i). C may be expressed empirically by the 

relationship 

€ = 3868 (I= 0) ory - 6.85 (ix) 

Substituting equation (viii), the following equation is obtained 

K = 0.23 fre (x4 = dja} exp {fs.6 + (=a) (oe ttorsy . 6.88)} F] (x) 

Occ Xie. 3, 

The designer normally wishes to determine the critical flow rate and so 

requires to know the critical boundary velocity gradient which is expressed 
by the equation



ob = O.2seepsus 1408-4 ap] ex {58-64(1-0) (aS tery - cs) F] (xi) 

Ogt< Xe 13 

The value of C decreases as fuel concentration increases until 

stoichiometry is reached above which point it remains at a constant value. 

It is suggested that this behaviour reflects the fundamentally differing 

controlling mechanisms in these two regions. In fuel-lean flames the 

increased Hydrogen concentration alters the reaction rates in the primary 

flame front thus enhancing burning velocity. The influence is complex and 

it would not be anticipated that it could be characterised by a simple 

relationship. In fuel-rich flames, the controlling mechanism is one of 

heat conduction and it is not unreasonable that a particular value of 

preferential diffusion factor gives rise to an increase in critical flame 

stretch factor independent of fuel concentration. Fig.9 shows C as a 

function of X. 

6. A Further Test of the Modified Flame Stretch Factor 

In order to test the general validity of the modified flame stretch 

factor as a means of characterising the influence on blow-off of Hydrogen, 

the blow-off data of Grumer and Harris (19) and the burning velocity of 

Scholte and Vaags (20) for the Hydrogen-Methane-Air system have been analysed. 

The blow-off data was thought to be a little suspect as this, together with 

data for Hydrogen-Propane-Air obtained by the same authors, has been used in 

the derivation of the prediction method of Van Krevelen and Chermin (21). 

This has been shown to predict low values of Critical boundary velocity 

gradient for the Hydrogen-Propane-Air system which suggests possible 

discrepancies in the data from which this empirical correlation was derived. 

The burning velocity data was believed to be, fairly reliable as data obtained 

for different systems by the same authors on the same apparatus agree fairly 

closely with currently accepted literature values. 

Predicted and practically determined values of flame stretch factor were 

computed and compared. The average discrepancy between the two values was 

found to be + 35% of the predicted value. Reed (1) suggests that flame stretch 

factors may be calculated to an accuracy of only + 60%, and the agreement 

between the predicted and experimental values is well within these limits. 

In addition it may be pointed out that where large discrepancies between these 

values occur, they do so in regions where burning velocity varies rapidly with 
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fuel concentration and thus where small flow metering errors have the 

greatest effect on flame stretch factor. It is felt, therefore, that 

this work lends support to the validity of the modified flame stretch 

factor concept. 

7. Conclusions 

1. A study has been made of the effect of increasing Hydrogen concentration 

on the flame stretch factor-fuel concentration relationship for Hydrogen- 

Propane-Air mixtures. 

2. A dimensionless group which characterises the degree to which preferential 

diffusion is likely to occur has been developed. This is termed the 

Preferential Diffusion Factor and incorporates the parameters most likely to 

affect the preferential diffusion process. 

3. This dimensionless group has been used to characterise the deviation of 

the Flame Stretch factor from its predicted value by the flame stretch theory 

for the Hydrogen-Propane-Air System. 

4. A modified flame stretch factor has been developed which should be capable 

of predicting the blow-off behaviour for all aerated laminar flames in which 

Hydrogen is present, although the validity of this conclusion has yet to be 

tested experimentally. 
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SUMMARY 

In this paper, the flame stretch theory is discussed as a means of 

predicting the blow off of laminar aerated burner flames and it is concluded that 

the influence of hydrogen cannot be accounted for by the theory. 

As preferential diffusion seems the most likely explanation of this, a 

dimensionless group has been developed which is a measure of the incidence 

of such diffusion. It has been found that this group can be related 

to experimentally determined data for the influence of hydrogen on 

a typical system. A modified flame stretch factor has been proposed to 

render the flame stretch theory applicable to all fuel gases and mixtures 

as a means of blow off prediction for design purposes. 

FIGURES 

Figures I-9 in the text of this paper refer to the following graphs 

and figures already included in this thesis:- 

Figure Number . Thesis Figure or Graph Number 

Fig. 2.1 
Fig. 2.2 

Fignc2.3| 

Graph No. 48 

Graph No. 49 

Graph No. 52 

Graph No. 54 

Graph No. 63 

9 Graph No. 62 

The angle g refered to in the paper corresponds to the angle ® in 

Fig. 2.I and 2.2. 
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