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SUIMMARY

The blow-off of & laminar aerated burner flame in which Hydrogen is
present cannot be characterised by the fleme stretch correlation proposed
by Reed. A literature review has indiczted thet the preferentisl
diffusion of Hydrozen towards the point of stability in the region of
paximun primary flanme front curveture at the base of the flame may cause
this anomaly.

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

system on blow-off hag been studied and correlations of critical boundary
velocity gradient and burning velocity égainst fuel concentration
obtained for eizht different Propene/Hydrogen ratios. It has been
proposed that the degree to which preferential diffusion will occur may
be characterised by a dimensionless group termed the preferentia l
diffusion factor. This has been correlated agaigst critical flame
stretch factor for the Hydrozen-Propane-iir system end hence an equation
has been developed which moy be used to predict criticzl flame siretch
factors for éerated systems from a knowledge of fuel concentration and
preferential diffusion {faclor.

?QJSlcul and trensport properties of the Hydrogen-Fropare-iir systen
have been varied by the replacement of the Nitrogen préesent 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 reveazled considerable
azreenent between predicted snd experimental critical flanme stretch

factor-fuel conecentraition relstionships,
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Hydrogen concentration isopleths have been studied in the

stabilising region of three laminar lydrogen-Propane-Air flames with

6055 Bydrogen present in the fuel gas mixture. Iacpleths plotied from

this invesbication are consistant with the preferentiel diffusion

mechanisiie

Similar studies of the Etlylenc-Air system have been nade at all

f the investigetion for comparison purposes.
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FOIMEICLATURE

Symibol ieaning
,, 2

A Arca of flsme front (m°)

a Pavaneter defined in section l.1.4 (unless otherwise stated).
c Poraneter defined in section 4.2.1.
Cp -  Specific Heat (J/kg.deg.C).

d Dicmeter (m). : j
D Loleculor diffusivity (n?/s).
F Freferential diffusion factor (unless otherwise stated).

. e R 5 , ; A -1

&0 Critical boundery velocity gradient (87 )

3 it Lo Y 2 :

% Thermal conductivity (w/m de{;.C.). :
4T ¥ x =g il ; A
K Flame stretch factor as defined in equation (1.8).
s ity ‘ 3 "
X Ilatne streteh foctor as defined in equation (4.2).
i Tredicted critical flame stretch factor.:
Te Lewis HNumber.
L, Entry length for fully developed laminar velocity profile (m).
M ilolecular weight.
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F Pressure (11/m).
Q Volumetric flow rete (n?/s).
pid Burner Radius (m).
Re " Reymolds number.
S Local burning velocity (m/a).
Su Tormel burning velocity (m/s).

% Time (s).

T Temperature (dez.C.).
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Gas velooity. (m/s).
Concentration eipressed as a mole fraction.
Fuel concentration expressed as a fraction of stoichiometric,.
Paranmeter defined in section l.l.4.
Parameters defined in sections 1.1.4 and 1.2.5.
: 2 - 2 .
Viscosity (Js/n ).
Freheat zone thiclmess (m).

Stendord deviation.

Density (ko/ '.;13) ‘

Subgeripts.

1

max

Low 1.-1010(:1113:‘ weipht species in combustion products.
Low molecular weight species in unburned ges mixture.
Bured gases.

Point of ignition (unless otherwise stated).
Unburned gases.

Maximam value.
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Blow=off is said to occur when a flame 1ifts off from o burner and
is extinguished. TUntil recently, Town gas was the principal fuel gos
utilised both domestically end industrially in Britein. Town gas is 2
nixture of = nunber of gases but normally contains about 505% Hydrogen
and hos conseouently a relatively high maximum value of burning velocity.
Natural gas contains no Eydrogen, however, and so has a maximum value or
burning velocity less than helf that of Town gas. The introduction of
Natural gas in Britain has forced a change of empheosis in burner design
from light back to blow-off as the most importantlflame stgbility
congideration. This chanpge of fuel ges has elso resulted in the slnost
exclusive use of zerated rather than diffusion flemes in burner design.

Research worl: has recently been directed towards the developmnentv of

a meens of prediciing when blow-cff of an serated {l=re will occur from
eny burner using any fuel gas. Thig has necessitated clarification of
the fund;:énta mechanism governing flame stability in gereral znd blow-off
in particular, The Flame Stretch theory has gone some way teo atiaining

1

thege objectives. It wes proposed that the critical flow rate of the

-

%

fuel-oxidant mixture at waich vlow-off would occur could be predicted
from a genersl correlation (Eguation 1.10), t has since been shown that
o

most laminar serated systems adhere fairly closely to the behaviour
predicted by the generzl correlation but that when Hydrogen is present in
the fuel gas, the nmethod breaks down. I{ has been proposed that the
anomaly nay ve atiributed to the preferential diffusion of Eydrogen. 37
this mechenism, Hydrozen would diffuse towards the point on the flame
front governing blow-off, thus increasing the local wnburned Hydrogen

" | -~ (=

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



unburmed gas nixture.

During the last five ycars, investigations have been carried out
into the use of existing Towna gas production plant for the menufacture
of substitute latural Gas both ag a stendby system and as a neans of
supplenenting normel supplies at times of high demend. Such
substitute seses would contein quantities of Hydrogen dependent on the
mode of operation of the process in guestion. The problem of the
prediction of stability chavacteristics of the fuel gas mixtures
containing HIydrogen is therefore clearly not without 'practical relevance.

-i‘he main eing of this research project have been as followst-

(i) To deternine if preferential diffusion can account for

the anomolous blow-off characteristics of aerated flames

vroduced with fuel ges mixtures containing Hydrogen.

(ii) To modify the fleme siretch correlation in such a2 way 28 to

tale account of the preferential diffusion process and thus

render it appliczaile to 211 leninar sercted flenes.






1. LITERATURE REVIEV,

l.1l Theoxies of Blow-off

O

1.1.1 Generzl prirciples of Blow-off

Tor a flame front to be stabilised on o burner there are two
pre-requisites:-

(1) At some point on the flame front the local burning velocity must

equal the velocity on the unburned gases.

(ii) At 2ll other points on the fleme front the unburned gas velocity

15t exceed'the local gas velocity. Thus, that point described
by the first pre-reguisite will provide a source of ignition for
the renainder of the flame front.

Should the local gas velocity exceed the local burming velocity over
the entire flame front, blow;off will occur. However, should the first
pre-requisite be met but the burning velocity exceed the local gas
velocity =% other points on the flame front, the flame will light back.

Whether either of these types of instability will Jeke place is dependant

on the flow ren\a thot exists, ond the device used to produce z suitable
- " 5 s . .

razine is the gas burner. The gas industiry has used a variety of ways

stability limits, out perhaps the most well lcown of thege

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

Thus it is clear that the nost important parameters governing
blov=off zre likely %o be:-
(i) Burning velocity.
(ii) A porcmeter which in some way characterises the flow régime.

l.1.2 Zsxly theories of Rlow=off:

The first important attemptis to develop theories of stability of

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



Demkoehler (3), Heiligenstaedt (4), Delbourg (5), Garside et al (6)

and Lewis and Von Elbe sll published their respective idezs on the
subject. llost of these are todey largely of historic interest, but the
worlt of Lewis and Von Elbe stends out as being by far the nogt
significant contribution to our lmowvledge of the subject until the lest
decade,

1:.1.5 The Boundary Velocity CGradient Theory of Lewis and Von Elbe

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

(1) The ges velocity varies linearly with distance from the gtrean
boundaxy.

(ii) The burning velocity of the combustion mixture is zero at the
burner well and 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
the combustion mixture by diffusion from the surrounding
atmosphere, which increases with distance from the burner wall,
are counterbalencing each other in such a way that a finite
burning velocity can exist. This burning velocit ty then

nce from the burner wall until th

(R
Q
H
]
]
L
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maximunm burming velocity is reached at a point where the
quenching effect of the bumer is zero.

A flene is stabilised vhere the local ges velocity and local burning
velocity are equal. If the gas velocity is increased, the peint at
vhich the flame is gtabilised is removed from the burner well until the
reduced quenching effect permits the burning velocity to increase to a

L)

sufficient degree to equal the new local ges veloeity. Thus a new



equilibrium position is reached Dby the flame front and an increase in the
dead space ot the base of the flame nas occurred. An increase in dead
space, however, may couse 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
burning velocity. Henée, blow-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 remaing
constant provided that the mixture composition and other physical properties
are uneltered. This has been shown to be largely true with the possible
exception of very small burner poris where interaction may occur between
different recions of the flame front.

It follows that there are two requirements for the prediction of the
blow-off characieristics of & flame of nown composition from a burner by
this theory:-

(i) An experimentally determined correlation must exist of critical
boundary velocity gradient against fuel concentration for the
fuel gas in question.

(ii) It must be possible to relate the bowndary velocity gradient to
a volumetric flow rateo. In the majority of cases, this
necessitates the characterising of developing flow in some kind
of chonnel. The efforts of a nunber of workers €.g.

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

by the author has shown that such predictions of developing f{low



con be used to predict blow-off correlations which agree closely
with those found experimentally.

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

date ond Reed has listed a number of these in one of his pepers (12).

The good correlations obtained from the theory tended to discourage
enquiry into the validity of the mechanisﬁ 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
boundery velocity gradient theory is dependant on a series of
experimentelly determined correlations and each fuel gas mixture has its
own unique correlation. This is a considerable obstacle to the designer
wvho will frequently wish to design burners for fuel gas mixtures of varying
composition. The second reason is a series of observations which appear
fundanentally to differ from those which would be expected from the
proposed mechanism:-

(i) Taylor (13) has observed no detectable change in ths 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). He 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 boundery velocity gradient.

(iii) llore recently, Datta et al (15) have studied the stabilising

region of a two dimensionzl near gtoichiometric natural gas

flame by anclysis of temperature, gas velocity and composition.



They have shown that in this case, the burming velocity vhich is
considered as a measure of heat release rate, does not differ
significently 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 iﬁ the stabilising region.

The alternative mechanism of "aerodynemic quenching" often
called "flamé stretch" has been proposed.

1l.1.4 The Flome Stretch theory of Blow-off.

The concept of aerodynanic quenching or flame stretch was firs?t
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 essuming conduction in the 10 direction only (at right angles to
the flome front), convaction in the 1 and ¥ directions and negligible
radiation (Fig 1.1). A relationship was also developed relating mass
flow rate to distance from the flame front in the n direction. The
following assumptions were then made:-

(1) gin ¢ = Yo (1.1)

w (1= o)

(ii) cos ¢ = i (1.2)
The former assumption is clearly correct. The latter assumption
implies a vertical flame front with ¢ = 0°.  Although this is
clearly never correct it can be shown that this is a good
approxination when blow-off occurs (cos$d >0.9 if¢ < 25°)

Karlovitz combined the three basic relationships and integrated twice



FLAME FRONT PROPAGATION ACROSS A VELOCITY GRADIENT.
: F16. I.I



arriving at the following equationt-

p =Xt aimy (1.3)
. du
vhere a 5 (T] - o) day (1'4)
and n_ = k = preheat zone thiclmess (1.5)
Cp p(n ol O)SU.

.

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

one-dinensionzl heat balance (Fig 1.2)

m4 n = .(_1?_
P(n= 0) Cp Su (J-.:L - J."Ll} k (dn) 3 (1.6)

The preheat zone thickness g is defined

(_g_%)i L ’I'i;]-o'i‘u bt

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

A new parameter X was now defined such that
jo
1~
1 du i< (1.8)

-_—

u(ﬂ = o) & p(‘] = 0) Su

K = B-1 =

K was naned the "Harloritz Ilumber" or "Flame Streitch Pactor'.

Because of the curvature of a flane front, the srea of the unburned

side of the flame front is greater than the burned gas side. This
"gtretching" effect gives the theory its name. A consequence of this is
that the amount of heat flowing from the reaction zone to the wnburned
gos is distributed over a greater volume of unburned gas than for a flame
front without curvature. ‘his results in a corresponding reduction of

chemical reacvion rate, heat release rate, and nence burning velocity.
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The tlame stretch factor characterises the increase in area vhen the flame
front propagates over the distence equal to tie preheav zoue thickness.

A critical value will exist therefore which represents the greatest
increase in srea that the flame front can withstend before rupturing will
ocenr,

Lewis and Von Elbe used the fiama stretch concept as proposed by
Karlovitz to interpret blow-off data for inverted flames stabilized on
wires, snd thus they may be considered to have piloted the application of
the flame stretch concept to the blow-off of flames (7, 18, 19, 20).

They have not, however, attempted to interpret the blow-off of flames fronm
normal burner ports in this way preferring their boundary vélocity gradient
approach. It seems illogical to dismiss fleme stretch as insignificant

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

the concept of a critical boundary velocity gradient. It seems unlilkely
that this point escaped Lewis and Von Elbe and it is more likely that they
did not feel the need to intrcduce flame stretch considerations in a
situation in which the boundary velocity gradient provided adequate
correlations.

Reed has likened the conditions showm by Xarlovitz 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 = 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 Xnown as the stebilising 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 huve shown that this is in fact the case (22). Reed proposed that

provided the preheat zone term, 0o, could characterise the combustion wave,

au
dy

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

and u and the flow field, a constant value of flame stretch factor might
temperature, pressure and composition. It was then necessary to make two
further assumptions to evaluate flame stretch fectors for nractical ceses,
these being that at the point of stability vhere flame front rupture was
most likely to occur:-
(i) %3 = gb - the boundary velocity gradient used by
Lewis and Von Elbe in their work.
(44} . o= gy - This is in contrast with Lewis and Von Elbe's
theory in which il is stated
u = 8 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 flanme
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 showmn 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 burming 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,



The work of Datte et al (15) has already been discussed and they have shown
that the assumption is not unrezsonable for the linmited case that they have
studied. They have also cited other relevant references znd discussed
this point in some detail.
Reed has thus redéfined the flame stretch factor as followss-~
XK = Mo b = o k ' (1.9)
e Cp p Su2

He hasg used critical boundary velocity gredient and burning velocity data
obtained by s mumber of workers over o wide range of mixture compositions,
fuel gases, temperatures and flov stotes (the majority of vhich were in the
leminar region) to test his hypothesis. He plotted gb Mo egainst Su end
found a fairly good correlation although three systems he tested differed
_noticably from the general pattern of behaviour, these being Hydrogen~-Aiir,
Methane~-Cxygen, and Propzne-Oxycen. He correlated flame stretch factor

against fuel concentration and arrived at the following equation:-

X 0.2 [1 * (x6'4 - 1l)a ] for X< 1.36 (1.10)

vhere a 0 for systems with no secondary reaction zone

=]
i

1 for systens with both primary and secondary
combustion zones.

fle wvas unzble to test the correlation for X<C.7 but has suggested that
there is no theoreticzl reason for the imposition of such a limit of
applicability. He accounted the behaviour of the three anorolous
systems to the phenomenon mown as preferential diffusion slthough this
suggestion has received considerable criticism (28, T0).

The correlation characterised by ecuation (1.10) is good as

Reed's stotistical anslysis endorses, but its chief fault lies in that it



is based on many resulis obtained at different times and in different ways
by a number of different workers. There are likely to be, therefore, 2
nunmber 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 generél 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 cormented on the mathematical derivation =nd the
assumptions made and has suggested that a precise test of the theory
requires studies of the blow-off of flames using optical techniques.

tudies of the blow~off of flames using high speed photography might
certainly provide interesting resulis, but it is doubtful wvhether any
~ modification nmade to the definition of the flame stretch factor could
avoid rendering the theory more complex and so more difficult to apply
practically.

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

1.2.1 Variztion of the burning velocity o1 lNethane-Air
mixtures by the use of en additive,

Edmondson and Heap (25, 26) have vaiied the burning velocity of
lethane-Air mixiures by the addition of small known concentrations of
Methyl Bromide to the unburned gas mixture. Blow=-off data from
¢cylindrical burners and burning velocity data have been determined and
critical 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 goo& 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 Voriation of the nature of the surrounding atmosphere

Edmondson and Heap (27, 28) have carried out determinations of
critical boundary velocity gradients for the blow-off of laminar
lethane-Air flames from cylindrical burmers in atmospheres of Air,
Nitrogen, Oxygen, Helium and 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 lezner 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 ciffusion of the secondary atmosphere through
either the dead space at the base of the iluie, cr through the seconaary
combustion zone, or possibly even by both routes., Diffusion throuzh the
secondary reaction zone is an important mechanism in fuel rich flemes,
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 flemes.

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 bummer
rort throuch the dead space at the base of the flame. The concentration

driving forces of both Oxygen and Nitrogen are small between the primary
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Fuel-Air mixture and the secondary atmosphere. A situation therefore
exiats where diffusion is very unlikely to oécur againgt such a sizable
bulk gas flow. Reed presents the following alternative explanation.
Because secondary combustion occurs in fuel rich flames to a far greacter
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 change in ambient conditions will alter these fluxes
which will in turn affect the heat release rate in the primary reaction
zone, i.e. the burning-velocitg. 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
critical boundary velocity gradient was found to be only one tenth of that
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 dburning
velocity and hence stability. This effect would be anticipated even by
the advocates of diffusion through the dead space on fuei lean dburner
stabiliged 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 stebilising region of flames. Snith (%2) has
increased the Argon concentration in the Air surrounding a bunsen type
burner on which a llethane-Air flame was stabilised. Analysis was carried
out using a continuous sampling system and a mass spectirometer. He found

no significant diffusion of Argon into the primary mixture with a fuel
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concentration (X) less than 1.l stoichiometric. However, sempling

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
hrgon 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 (35) on
a two dimensional fuel rich Methane-Air flame showed thatl as expected
there is an increasc in diffusion through the dead space in this
situation.

In contrast with the cbove observations, Edmondson and Heap (27, 28)
have proposed that their work on Carbon lMonoxide-Oxygen flames shows that
diffusion throurh the dead space is significant in fuel lean flames. The
Carbon llonoxide-Oxygen systew Was used tecause of the way in which the
burning velocity of a specific mixture varies with water vapour
concentration. Wires et gl (71) have shown that little or no combustion
will occur when absolutely dry Carbon lonoxide-Oxident mixtures are used.
Edmondson and Heap used mixtures dried using silica gel and they proposed
that vhere diffusion from a moist secondary atmosphere occurred, an
increase 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 and
burning velocity data obtained,increased rapidly as the fuel concentration

was increased towards stoichiometric. They then determined burning

velocities from particle track photographs for a fuel lean dry primery



mixture burning in o moist secondary atmosphere of litrogen and found
purning velocity increased significantly as the burner rim was approached.

It seems extremely hazordous to draw any general conclusions from thig
work for the following reasonsi-

(i) Vater vapour molecules are far more mobile than those present

in other situations and might therefore diffuse through the dead
space of a flame under oconditions in vhich a less mobile
molecule, e.g. Oxygen, would not diffuse to a significant
degree.

(ii) There is a far larger concentration driving force for diffusion
of water vapour present than would exist in most of the other
gituations under consideration.

(iii) The situation is not dissimilar to that present in a diffusion
flame vhere the mognitude of the burning velocity is dependant
on the diffusion of e moleculer 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 serated flame burning in Air. I% 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 Heliunm
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 Mastermen et al (%4) studied
the subject more than thirty years ago.

Only recently have Reed et 2l (355, 36, 37) carried out a detziled
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:-

B Critical boundary velocity gradient under vitiated conditions (1.11)
Critical boundary velocity gradient under non-vitiated conditions

It follows from equation (1.10) that

I_i-’-‘ (an ‘Ju (1.12)

) Vitiated

(p Cp Su“ )
k ITon-vitiated

Reed et al have used this relationship for the case in vwhich only primary
vitiation occurs to predict the effects of vitiation on blow-off. They
have obtained fair agreement bhetween predicted and experimental values
of P within the linits of accuracy to which Reed has suggested flzme
: * . A o :

stretch factor can be determined (- 60%) . This comparatively high
figure is attributeble largely to the wide veristions in values of burning

L = + 4
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 siretch equation
(1.10) cannot predict the behaviour when the secondary etm wosphere is not
Air, It follows thercfore that the same equation cannot be used to
predict the influence of vitiation or the secondary atmosphere. The

parameter B has veen expressed as o runction of fueli concentvration 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 69 when the vitiant is Ni#rogen 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
Corbon 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 simulteneous primery and secondary vitiation
have been studied and experimental results compared with predictions from
the individual effects of primery and secondery vitiation already
characterised. Considerable success has been achieved in the agreenent
of the predicted and experimentel values of B -

1.2.4 Studies of Tnverted Flames

To this point, the work discussed hzs been confirmed %o the subject
of authodox burner stebilised flames. In this type of flame, the unburned
gases are on the inside of the cone and the burned geses on the outside.
- The latter cen thus readily mix with the surrounding atmosphere. It is
possible, howéver, to produce an inverted flame in which the situation is
effectively reversed. Such flemes are normally stabilised on the ends of
wires mounted in tubes or on thin plates mounted between = pair of narrow
parellel channels of sufficient length to eliminate "end effects". They
should not be confused with devices used to nroduce a "bluff body™"

stebilised flame, the fundamentzl stabilising mechenism 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 itype use the wire or
plate to produce a laminar flow régime condusive to the stabilising of a
flame,

The study of inverted flames is of significance for two reasons.
Firstly, it produces 2 neans of studying the behaviour of & flame while
eliminating the influence of the secondary atmosphere on the stabilising
region (Inverted flamg studies are frequently made in a Nitrogen
atmospuere as this facilitates easier stabilising of the flame). For
this reason, inverted flames have been described as the purest practical
ingstance of the flame stretch concept. A second reason fér interest in
inverted flames, particularly those stabilised on parallel slot burners,
concerns flame front interaction. t 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 subject to date, although this, anong other zspects of
flame interaction has been studied by Ewins (39, 40).

The earliest work by Lewis and Von Elbe with wire in tube burners hes
already been discussed. They calculated flame stretch factors for lean
natural gas flames and found that the critical flame stretch facior
(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, nowever, which is substantially
greater than the corresponding value for a "bunsen" type flame of a similar
composition.

Edmondson and Heap (28) ‘have studied the influénce of plate thiclmess

on the critical boundary velocity gradients of Methane-Air flanes
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stabilized on parallel slot burners. Illot only did they observe increased
stability as the plate thiclmess was decreased, bubt they also clainm to
have noted that the meximun giobility occurs with inereasingly fuel-lezn
mixtures. On inspection, however, it seems that this latter observetion
is not justified from the experimental data and arises only from the lines
they have chosen to draw through the data pointe on their graphs. The
author feels thot no increase in standard deviation would have been
observed if lines through all the data points reaching a meximum 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
correlated their data using the flame siretch principle. It is difficuli
to draw any firm conclusions from their results as they have restricted
their work to one burmer only. Ievertheless, it is spparent that unlile
Lewis and Von Elbe, they have cbserved blow-off to occur at a
comparatively constant value of critical flame streich factors Fronm
their worl: already discussed it would be e: ipected that increased plate
thiclmess would increase the critical boundary velocity gradient for all
fuel geses and the value of critical boundary velocity gradient for zero
plate thicimess nmight be found by extrapolation. Ednondson end Heap have
explained this phenomenon by suggesting that the flow lines of the gas
emerging from the burner pert cdjacent to the plate, divert fo £ill the

&

gap above the plate and thus the correct boundary velocity gradient is

lower than that celculated. As the plate thiclness is reduced the error



also reduces.

The correlation of criticel flame stretch factor with fuel
concentration is far less good for inverted flames than for cylindriczl
burners and although it seems likely that fleme stretch is the controlling
blow-off mechanism, a considerable guantity of work will be required before
any firm conclusions can be drawn 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 CGerstein (42). They
lie directly below the flame front and so cammot influence the laminar
nature of the flame nor the si ignificance of the boundary velocity gradient.
They may, however, influence the heat transfer from the primary flame front

to the unburned gos mixture in the region of maximum flane stretch and as

-

wire or plate thickmess is likely to influence the size and indeed the vexry
existence of theze eddies, they may in some way contribute to the variation
in critical flame stretch factor with wire or plate thickness.

1.2.5 The correlation of blow-off data from cylindriczl burners

Reeds original test of the flame stiretch theory vas carried out using
a larpge quantity of data from a number of different workers which was
analysed statistically to obtain the bﬂ“lc flene stretch cerrelation. It
was left to Edmondson and Heap (27, 28) to investigate the precise form of
he relationshins between fuel concentration and criticzl fleome stretch
factor for the blow-off of laminar aeraoted flames from cylindricel burners
using a variety of fuel gases. In order to do this it was necessary o
determine consistent burning velocity date s values published in the
+

literature sometimes vary by os much as - 205" of the currently accepted

values., Edmondson and Yeap (43) did this for a number of different gases

-



emplog;in;; a "flat flome" technique. A recent study of most of the well
movm nmethods of burning velocity determinstion has thrown considerable
light on the inherent inaccuracies of each method (44). This work
suggests that the method employed by Zdmondson and Heap mey give values aos
uch as 205 below the correct velue which will in turn lead to the under-
estimation of criticel flame streteh factor by as much as 4077,
Consequently, the absolute values of critical flame stretch factor
published by these authors ere substantially different from those
predicted by Reed's correlation. This does not detract from their value
as & guide to the true nature of the critical flame streich factor-fuel
concentration relationship.

They have found o 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 by Ethylene for any particular fuel concentraiion. Reed hes
proposed the® if X<1.0, the criticel flame siretch factor is independaont
of fuel concentration and has a constant value of 0.23 (equation 1.10).
In contrast, however, Edmondson and Feap have found that progressively
inereasing values of critical flame stretch factor are observed as
X approaches unity.

Reed has alrezdy provided a possible explenation for both of these
phenomena. Clearly, if preferential diffusion is to account for th
anomolous behaviour of Hydrogen, it must be xpected to play a minor role
with 211 fuel gases end would be expected to influence the flame stretch
correlation. Of the gases Edmondson arnd Heop tested, Ethylene would be
expected to most readily preferentislly diffuse to the stabilising regzion

"

25 that was observed to exhibit the highest values of
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eritical flame stretch factor. The rapid increase in critical flome
gtreteh factor with fuel concentration for X=>1.0 is attributed to heat
transfer from the secondary combustion zone to the primery flame front.

In practice, a certein amount of secondary combustion will take place even
in 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 region.

1.2.6 Conclusions

It nmay be concluded that although equation(l.lo)doos not give a
precise means of predicting critical fleme stretch factor, it does provide
us with the best means available for characterising the blow-off behaviour
of lezminor aerated flames. The only situation that cannot ve
characteriged by this equation exists when Hydrogen is present in the fuel
ges. Whether this method can be extended to non-cerated systems is not
clear, a2lthough there is no theoretic reason for precluding such a siep.
Reed (14) has asttempted to correlate data for IIeths.ﬁe—Ox:;gen and
Propane-Oxyzen flomes and these have given rise to criticsl flame stretch
factors differing considerably from those predicted by the theory. Such
data for leaminar flames must have been obtained on extremely small burners
and it has already been pointed oui in section 1.1.3 that such burners are
knowvn to give erroneous values of critical boundary velocity gradient.

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

isolated observations.



1.3 Preferentisl Diffusion

1.%3,1 Observation of Fhenomena associated with
Preferential Diffusion

l.3.1.1 Flome Front propasation in tubes

Observations of vorious phenomena attributable to preferential
diffusion have been made thréughout the locst 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
nixtures in propagation tubes, that a portion of the Hydrogen remained
unburned. Clusius et al (46, 47) observed the limits of flamability for
upward propagation of a flame front in mixtures of Hydrogen and Oxygen,
and Deuterium and Oxygen. They found that the lowest Hydrogen
concentration permitiing a fleme to travel throughout the length of the
tube was 3.8 whereas the figure was 5.3 when Deuterium was the fuel
gas. The ratio of these minimum values was almost exactly that of the
diffusivities of Hydrogen and Deuterium in Oxygen. In a nmixture of
Deuteriun, Hydrogen and Cxysen, the Hydrogen was found to dburn
preferehtially.

Manton et a2l (48) have photographed spherical flames under conditions
of both isotropic and non-isotropic propagetion. Ion-isotropic
propagetion is the term normally used to describe the situation in which
some kind of cellular or polyhedral fleme structure is formed. They
corncluded that the propagation wos non-isotropic when the deficient
component of a mixture alsoposscssed the larger diffusivity. HMarkstein
has carried out en investigation into the upward and downward propagation

of cellulor flames in tubes (49, EC) uging a variety of fuel gases. In



this work he has correlated cell size against pressure, fuel concentration,
and fuvel molecular weight.

1.%01.2 Burner stabilised flanes

Polyhedral flames have been observed where hoth Eydrogen and
Hydrocarbon fuels are burned in aerated flameé. lany workers hove
commented on these phenomena and typicel of the observations made were
those reported by Smith and Pickering (51) who observed and photographed
rich Propane-Air flames, and Broida and Xane (52) who observed open topped
veak Hydrogen-Air f{lames.

It nmay be concluded that observations were confined to Hydrogen
flomes lesner than stoichiometric and Hydrocarbon flaones richer than
stoichiometric end also that the number of sides that the flame posasessed
varied with fuel concentration, burner size, and the nature of the fuel

gas.

1.5.1.3 Bxplonation for the formation of non-isotronic flanes

: |

Geydon end Wolfhard (53) have sugzesied that "differentisl diffusion
effects" can account for the majority of incidences of non=-isotropic flane
fronts but they point out the striking sinilarity between the visual
appearance of cellular flemes ond the patterns caused by convective heat
transfer in liquids observed by Prandtl (54). Recent mathematicsl nodels
have demonstrated the way that both heat trensfer and diffusion can play
an important part in governing stability chaoracteristics of flame fronts
but that heat transfer by conduction plays o more importent role than by
convection. The term "differenti=l diffusion effec&s" is a particularly
good one as it is apparent that "preferential diffusion"” has been used to
describe a voriety of phenﬁmena with some confusion having arisen as a

result.



Concentration mecsurements have been made in laminar flemes where it
vas susPedted that preferential diffusion was taking place and composition
shifts hove been detected (55-59). Perhaps the most thorough study hes
been mode by lorkstein (59) of a 1.44 stoichiometric Propene-Air flame,

He has plotted concentration profiles through-the flame front in a
"yalley" and a "ridge" of a polyhedral fleme., The species he hes plotted
include Oxygen, Hydrogen, liethane, 02 and 03 saturated and unsaturated
hydrocarbons, and cerbon monoxide, He has shown that considerable
differences exist in the profiles of the different regions.

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

Harris and Lovelace (60) have pointed out that the varying fuel
concentration in the flame front of polyhedrazl flames will engender
variations in burning velocity end hence it will not be possible to predict
stability characteristics from correlations developed from observations of
isotropic behaviour. It is clearly essential therefore to know if the
flanme being studied is isotropic or non-isotropic and if the fleme is not
readily visible to the naked eye, as is sometimes the case with fuel lean
Hydrogen-Air mixtures, a means must be found of projecting an image of the
flame front.

M yers has 2lso pointed out (61) that it is not possible to readily
charactorige the heat transfer by radiation from non-isotropic flames.

1.%¢3 Cheracterigine Preferentizl Diffusion by liathematical liodels

Barly nethenatical nodels of one dimensional flame front propagation
made a number of sinplfying assuaptions and failed to take account of the
possibility of preferentinl diffusion. IMany of these have been reviewed

by Evanc who hag cited 116 references on such models (62),



Lendau (63, €4), Emnons (65) and Eckhaus (66, 67) all made importent
steps forward by developing equations to characterise heat, mass and
nomentun trensfer as well as chemical reaction. They applied a
disturbance to the flame front end determined the effects of this by a
perturbation enalysis., IMarkstein (72) has discussed the work of Belkhaus
which is itself based on the work of Landau and Emmons.

All these vorkers have been forced to study idezlised situations
because of the lack of available chemical reaction mechanism 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 anslysing the influence
of a light{ molecular species on flame frortpropegation has been carried
out by Purlenge (69). He studied three situations in which the light
mobile species was presents These werss-

(1) When this speciss was present in the unburned zmses in defect.

(41) When it was present in the unburned gnses in excess.,
(iii) When it wes formed as a product of combustion.

He found it necessary to make many of the simplifying assumptions
made by previous workers aboul the physical end transport properties and
then developed the various transport equations applicable. He next
carried out z perturbation annlysis disturbing the flame front slightly
and seeing if this disturbance decayed with fime. From this, he
developed stability criteris for ecach of the three cases, (ii) and (iii)
being mathematicelly similar. Heaet conduction and molecular diffusion

-

mechanisns were shown Yo be fundamentelly similar, both influencing

burning velocity by meens of the chemical reactions takine place, Once

=

1
L
o

1



ggain this emphasises the need for relisble chemical kinetics data and
only qualitative results can be obtained without such data,

1.5.4 Conclusions

In the past, preferential diffusion has been studied and discussed
enly in situations in vhich it is believed to give rise to the formation
of non-isotropic flaome fronts. Because of this, it appears that sonme
suthors believe the two phencmena to be inseparable (28), However,
there is no theoretical or experimental evidence to suggest thot the
ebgence of a non~isotropic flame structure is an indication of the
abgsence of prefereniial diffusion. The criteria Parlange has layed
down are criteria for flame front insiability and not preferential
diffusion itself.

It is perhaps because of this basic misconception thet the subject

of preferenticl diffusion has been neglected quantitetively in 211

blow=off theories to date.
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2,  AVALYS OF THE PREFSREITIAL DIFFUSICH
ilCG:Si 7 LANDMAR  TPLAMES.

2.1 The preferentisl diffuaion mechanism

An uvnderstonding of the mechanism is essential in order to
characterise the preferential diffusion process. ilarkstein (72) has
pointed out that diffusion of reactants in the preheat and reaction zones
can be caused only by concentration gradients that sre created by diffusion
of combustion products into the unburned gas. This point appears not to
ised by most authors, slthough lanton et el (48) have

have been reccgn

cleaxrly done sce. The process is therefore one of counter-diffusion and =
mobile molecular species must be present in the combustion products as well
as the unburned gas mixture in order for its effects to be significent.

The products of combustion are likely to consist of a mixture of the
inert constituents of the primary fuel-oxidant mixture, oxides of carbon,
vater vepour, and small concentrations of oxides of Nitrogen when air is
the primary oxidant. No other moleculor species are likely to be present
in sufficient concentrations to provide = driving force for significant
mass transfer. Cf these molecular species, only water vapour has a
molecular weight sicnifican%ly lower than that of Nitrogen which will
congtitute 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 vepour in the
preheat zone of the fleme significently further into the unburned gase
thoan any of the other specics formed by chemical recction.

Consider a fleme front which meets the bulk gas flow at an angle ¢
(Fig 2.1)s Diffusion of mnobile combustion products will occur in s
direction at right angles to the flame front causing a conceniration

gradient in this direction of 2ll molecular species present in the

unburned ges mixture. There will, however, clearly be a greater
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concentration gradient for those gpecies consumed in the conbustion
reactions. Thus a light molecular species is likely to diffuse towerds
the flame front in the direction of the driving force, i.e. the
concentration gradient. This direction will only be that of the bulk zos
flow when ¢ = 90°

Where a section of flame front of constant angle ¢ exisis, the loss
of a light species from a flow line will be exactly balanced by the gain
of thet species from an adjacent flow line as the flame front is zpproached.

Thus there will be no .concentration variations in a dgreov;on parallel to

-

the flame front (Pig 2.2). In practice the idealised si‘tuation illustrated
s 2.1 and 2,2 is wlilkely to exist as preheating of the unburned gases
will distort the flow lines as the flame front is approached gradually
increasing ¢ . However, the velue of ¢is unlikely 4o vary along the fleme
front provided there is no flame front curvature present, and so the
principle renmains unaltered.

-

Consider now the region of flame front curvature at the base of 2

\)

laminer serated burner stabilised flame (Fis 2.3). TFlow line 3 passes

=

through the point of stability. This iz the only peint on the flame front
= & J J

w

at which a flew line passes through it at right angles to the tangent %o i
flame front and at which the gos velocity exactly equals the local burning
velccitys TFlow lines & and C on either side of B diverge from 3 as they
pass throuzh the preheal and reaction zones. 4 concentration driving force
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. ®imilarly 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 indicoted on

g
[N
Ca

2.5« It may be
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concluded that fleme front curvature itself is not a pre-requigite for
preferentiol diffusion to ocour, but that the some type of flow régime is
likely to give rise to the presence of both phenomen:.

It has already been indicated that it is the behaviour at the point
of stability vhich governs the blow-~off of the flnmé, and so the migration
of a light species towsrds flow line B will influence the chemicel,
transport,and physical properties governing blow=-off, i.e. Burning
Velocity, znd the Density, Specific Heat and Thermal Conductivity of the
unburned gog mixture.,

2.2 The influence of Preferential Diffusion on the
flame stretch correlation

In the calculation of physical end chemical properties for the
evaluation of flame stretch factors, the compositionsof the unburned geces
at the point of stebility are assumed to be those of the bulk of the
fuel-oxidant mixture. It has been shovmn that when preferential diffusion
occurs, this agsumption 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 coriparison with the accuracy
to which a flame stretch factor may be evaluated. Burning welocity is
extremely sensitive to small changes in concentration, hcwever, e.g. in
some systems, a'gi change in Hydrogen concentration nay give rise to a
change in burning velocity of almost 505%  Flame stretch factor is
inversely proportionazl to the sguare of burning velocity and so this
could give rise to substantizl errors in critical flame stretch factor
which would be quite unacceptable for burner design purposes.

If burning velocity were the only parameter influenced to 2

-
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simnificant degree in blow-off considerations, however, values of critical
flame stretch factor predicted by Reed's theory would be too high where an
incrense 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 velcecity but 2lg
an increase in secondary combustion and hence an increase in hest transfexr
from the secondary to the primery reaction zones., This heat transfer
process hag already been shown to be responsible for the repid incresse in
crivical [leme stretch factor with fuel concentration in fuel-rich systems
by Reed and is clearly of equal importance in considerztions of the
influence of preferential diffusion.

A method is therefore required to characterice the preferentizl

-

diffusion process and assess the degree to which it will influence Critical
Boundary Velocity Gradient.

2.3 Quantitative assessnent of the preferentinl diffusion vrocess

From the mechanism discussed in Section 2,1 it mzoy be deduced that the
following variables are likely to influence the degree to which preferentizl
diffusion occurs.

(i) Dy =~ Diffusivity of the mobile molecular species in the

: { . L
combustion products [ Dimensions - 5—

(i) X3 = Concentration driving force of this species expressed

as a mole fraction [Dime:zsionless]

(iii) D, = Diffusivity of the mobile species in the unburned

-2
~ases Timensions —
[T =g S -J.-..,.GAL...‘lonu -y

A
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(iv) Ty oo Concentretion driving force of this gpecies

expressed as a mole fraction [Di:?lensionless]
by
(v) P - Density of unburned gas mixture [I}mensions ! e
4
L

(vi) Cp =~ Specific Heat of unburned gas mixture [Dimensions - -—e-_l

-~ Thermal Conductivity of unburned gus mixture

k
, ; H
Dimensions ~oL

It may be postulated that the dezree to which preferential diffugion

(vii)

will occur moy be characterised by a dimensionless group (F) termed th
preferential diffusion factor.
By the "m" theorem of dimensional analysis, which has been discussed

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

(2.1)

I
o

( “l n2 Teeroe “S)

where w = dimensionless group
gnd @ T | nean

where n = number of independant variables

m = number of fundamental magnitudes

In this casen = 8 n 5 Yol T 5

Let my = () (972 (AT (cp)™

In terms of fundamental nagnitudes:-
[Lo 81 505220 BO:I ¥ E‘E A By pap A 85w By
Wt W, T 70 E i

Then, by comparison of dimensional coefficients:-

b B = 2:11—112-5113

2 : 0 = nB-n4
T $ 0 EL -n1—112



o
it

=
1

s

Similarly m, =

il
=

By definition na \

We wish to incorporate all the relevant variables into the analysis
and as %y will relate to m and X, will relate to m, the concentration

terms will be considered as port of the groups my and 1T Purthermore,

20
Fick!'s first law of diffusion states:-

« D dx (2.2)
dy

where = Flux

= Diffusivity

Conc.gradient driving force

&ﬁuum
I

and so x and *5 will be raised to the same power as D1 and Dz. Thugs -

D.x 2 1 184
o 11,__am,9:]= 0 (2.3)
[ KpCr  K/pCp

This may be rewritten:-

P = ¢1[ Dz, . Dox, :‘ . (2.4)
Yplp  k/pCp

Preferential Diffusion factor is o measure of fluxes and it therefore

follows from Equation (2.2) that

P (Df‘l ) (Bzxz ) (2.5)
Y Pvp HpLp
For convenience F will be defined as followsi-
P = ( H )(D::‘ ) - HE D, (2.6)
PCoi\pCy - su”
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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 thot F can be considered as the product of two Lewis
Hunbers and two concentration temms. Thus Bguation (2a6) becomes

F = Leyx, Le,x, (&)

The Lewis Fumber is normally used as & neasure of the ratio of molecular
to thermel diffusivities vhere "thermal diffusivity" in this instance refers
to the anslogous heat transfer process to mass transfer by molecular
diffusion and not the nuss transfer process induced by a temperature
gradient driving force.

it 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 +he

unburned gas nixture
(1) A change in bugning velocity

(iii) A change in flame stretcl factor

I

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

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

remaining possibilities only flame stretch factor takes into account the

e

changes in both burning velociiy and heat transfer from the secondary

v

5

combustion zone when this is significant. Furthen;ore,‘correlation with
(iii) wouwld provide the simplest and most easily applied soluvions ior both
burner design and the assessnent of interchangability of fuel gases on
xisting burners.

A~ me by 3 0P -~ o)
2.4 The Preferen

il Diffusicn Foctor as avuplied to sernted flanes

2.4.1 liotile Species in the Fuel CGas

From Equetion (2.6) it will be seen that for sersted systenms
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the following approximation maey be modes-

P o= 332::1}:2

The values of Thermal conductiviiy, Density and Specific Heat are unlikely
to vary greatly from 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 almost certainly refer to water vepour and so Dl may also
be considerecd congtant.

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 Cxygen present, although this is only important if there
is insufficient for complete conmbugtion.

D2 will be imfluenced by the molecular weight of the light species in
the unburned gases.

%, 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 Dz, X
and %, for stoichiometric mixtures of the two lowest molecular weigh
fuel gas, lydrogen and llethane, with Air. Diffusivities were evaluated
at the unburned gas termperature (in this case 20°C) as this cool region of

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

thate- T (Uyiroren) £
Pi e - 1:}.2 (2‘5)

F (ilethare
In flames in vhich Hydrogea forus only vart of the fuel gas mixture,
X, will be reduced, but % is likely to retain a value of a similar order
=

to that of a Zydrogen-iir flanme as water will be forued from other

Zydrocarvon fuels present in the wnbumed gas mixture. It has been showm



Tuel Diffusivity in Air % x
Gas D, (1%/s) : &
S = -4 : =
Hydrogen 0.552:x 10 06346 00296
Hethane opproie. 0.2 X 10-4 0.19 0.095
Table 1.

Comparison of parsneters D., X, and x, for stoichionmetric
+ = LS 2

flames of Hydrogen and Methane with Air,.



that the behaviour of llethone-Air flames can be predicted with reasonable
accuracy by the flame stretch correlation, Equation (1.10), and so it may
reasoncbly ve deduced that es only Hydrogen has a lower rioleculaxr weight
than llethane, Hydrogen is the only fuel gas likely to more readily
preferentially diffuse. TFrom the comparison of preferential diffusion
factors given in Eguation (2.8) it may be seen why only Hydrogen eppears
not to behave as predicted by the flame stretch theory of blow-off.

2o4.2 Preferentizl Diffusion of Oxvcen

Oxygen is unlikely to preferentially diffuse in aerated systems &
its diffusivity is aporoximately one third that of Hydrogen and less than
that of Hitrogen and many light hydrocarbon fuels. Furthermore, th
concentration driving force X, can never xceed 0.21 and is usually onl* a
- fraction of this value. The only situation in which Oxygen is likely to
diffuse more readily then a fuel gas is when the driving force for such a
diffusion process is sufficiently laorge that it overrides the effect of the
low diffusivity. In such situations, however, the water vepour
concentrotion driving force may not be large enough to enzble enousgh
Oxygen to diffuse to influence stability, i

An increase in fuel ges concentration in an zerated system will always
give rise to increased flame stability. An increase in Cxygen
concentration, however, will not automatically do so. A flame with an
increased Cxygen concentration will have a higher burning velocity than a
normal flane provided thé two have the same fuel concentration expresse
ag a fraction of stoichiometric. The diffusion of Oxygen will
effectively reduce the fuel concentration, however, and this nay give rise
to either an increase or a decrease in burning velocity depending on

£

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



noximm burning velocity occurs. How these factors tegether with the
chonces in heat transfer from secondary to primary reaction zones combine
to influvence stability can only readily be determined by the study of
specific cases. A3 Oxygen diffusion in aerated systems is unlikely to be
of any praectical significance, the provlem has nol been pursued either
heoretically or experimentally.

Apart from that cited by Reed and discussed in Section 1.2.6 and shown
1o be of doubtivl validity, there is no data svailable on the correlation
of blow-off characteristic of fuel-oxygen systems by the flame stretch
concepte. It is possible, however, that the large concentration gradients
evailable for the diffusion of nolecular s;

secies of comparatively low

nobility may male preferential diffusion significant in such situations.

In order to a2ssess the influence of preferential diffusion from 2
practical point of view, three pieces of experimental work have been
carried out.

(i) In order to correlate caleulated values of preferential diffusicn
factor with experimental data, a study has been made of laminzr
aerated Hydrogen-Fropane-Air flames stabilised on cylindrical
burners., Critical boundery velocily gradient and burning
veloéity data were obiained and correlated by the flame stretch
nethod, ard from this a technique was developed to predict the
influence of Hydrogen on the blow-off laminer zerated flames.
The Hydrogen-Fropane-Air System was selected as it afforded the
opportunity to study mixtures with burning velocities which
varied by as much as a factor of ten ond some of the mixtures

studied would hove somewhat similar properties to those yhich



In

Y

14

1

nmoy be uged as Symthetic Natural Ges. It 1-::._',3 also lmowm that the
Propane-Air System adhered closely to the behaviour predicted by
tlie flane stretch theorye

The prediction method developed in the first section of
experinentel work was tested by two techniques. Firsily,
experimental datva of other workers was correlated an
statistically compored 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 Adir (ITitrogen)
was replaced in turn by Argon and Helium, and critical boundary
velocity grodient and burning velocity data redetermined for the
Hydrogzen-Propane~"Air" Systems Thiz has algo been analysed and
compared statisticelly with predictions made by the method
developed.

Eydrozen concentration profiles in the stabilising region of
Hydrogen-Fropene-Air flomes have been studied with 6C; 7 Sydrogen in

the fuel gos mixture an i

EU&ESS ox

o

2eration equivelent to C.8,

£,

1.0 and 1.2 stoichiometrics This particuler fuel gos nixture
wos selecied as it provides a reasonable compronige between the
increase in Hydrogen flux with increzsing Hydrogen concentration
and the correspondiinz decrezse in preheat zone thickness in which
td datect concentration chanzes attributoble to preferential
diffusion. Sampling wes carried out with z quartz microprobe
and a s chromotosroph was used for sample analysis,

oth sections (i) end (iii) similar daeta for the Bthylene-Air Systenm

was ovtoined for the purpose of comparison. However, in section (iii

Sthylene,

8 4
.

rather than Hydrogen concentrations were determined.
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5«  EXPERIIMENTAL APPARATUS AIlD TECHNIQUES.

5«1 Flow lletering

341s1 Choice of Flow lleters

It was required to meter accurately and blend thoroughly a maximum
of two different‘£u61 gases, supplied from high pressure cylinders, with
a primary oxidant supplied either from a high pressure cylinder or a
main at 70'1b/in2 gauge. A wide range of flow rates of each gas were
to be metered and so to avoid the necessity for a large number of meters
for each gas a type of meter waé sought which could be used for all of
the flow-rates likely to be encountered in the work. Three types were
congidered:- .

(1) vVariable area flow meters. -

(ii) Porous plug flow meters.

(iii) Orifice plates (subcritical jewelled type).
0f these, the suberitical 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
crltlclsed similarly for their lack of versatlllty. It was therefore
decided to use variable area flow meters as they are well tried and lmown
to be reliable when calibrated carefully, are fairly inexpensive, and can
be uged over a wider range of flows than any of the alternatives
congidereds A total of nine meters were used, five of which were

monufactured by Rotameter and four by Fischer and Porter. Tables 2 - §
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show the meters employed for each gas and their approximate volumetric
flow ranges mecsured at atmospheric pressure and 18°C. Table 6 lists
flow meters which were also calibrated for other guses over the ranges
indicated.

7ele2 Pressure and Temperature monitoring and control

ligh 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 lb/inz. This pressure was reduced by means of a pressure control
valve to about 20 lb/in2 and o pressure relief valve was installed to
relieve ot 25 lb/in2 aownstream of this valve for safety purposes.
Torgren pressure regulators were installed on the flow control panel t?
enable accurate pressure control of fuel gases and primary oxidant. I'low
control was carried out using needle valves of which the majority were
1/4 in: gized. The pressure of each gas was monitored at the flow meter
outlet by means of a water monometer which could be read to an accurac&
of t 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 - 0.1°g.
This was verified by comparison with a standard thermometer. A similar
thermometer was installed on the inlet to the burner to provide an
.uccurafe indication of the final temperatﬁre of the unburned gas mixture.

ITo tenmperature contrBl 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 295°K - 3%

The atmospheric pressure was measured by a Mercury barometer and a

- 52 -



'smnll correction made for,the difference in siting of the barometer and
experimental‘rig.

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 panai and no temperature
and pressure nonitoring equipment was fitted on the outiet of flow
meter F.9. This was because only a rough indication of secondary
atmosphere flow rate was required.

%ele?d Gag Dryins, Mixing and safety equipmént

Jele3el  Drying

The fuel gases and primary oxident 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 wags
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 algo to remove any moisture diffusing into the dry gases from the
monometers, a cmall 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 nmixture, the drying agent in all three towers was replaced.

The Qecondary oxidant was also passed through a silica gel packed
drying tower which was situated on the inlet to the secondary oxidant
distributor. I'o filter was provided as it was felt that the distributor
_gystem would itself fulfill this function.

3.1 oic 2 IIiXin_f;

The primary mixture was blended in two stages. The fuel gases were

- 5% -
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KEY TO FLOW DIAGRAM (FIG. 3.1)

Isolation Valve.

Flow Control Valve.

Pressure Control ReguTator.

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
mizture 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 [lowed through approximately 5 m. of 0.5 in. diemeter
- copper tubing in which were fitted seven 90° elboﬁs'to ensure perfect
mixing.

This long length of tube caused a delay between adjusiment of flow
meter settings and the corresponding chdnge in primary mixture composition
at the burner inlet. However, it was felt that this minor inconvenience
waos of little importance compared to the need to-ensufe satisfactory ;
nixing.

3.1.3:3 _Safely

Before entering the burner, the primary mixture passed through a flame
arrvestor nmanufactured by "initmesh" and designed for use with all fuel
;ndcs including Hydrogen. As en additional safety precaution o ncn—rytnrn
valve was fitted in the primary Air 1ine'so as to ensure that fuel gus
could not wnder any circumstances flow into the University compressed Air
llain pystem.

Leak testing was carried out by pressurising the entire system with
compressed Air to a pregsure in excess of thet used under normal operating
conditions and each joint was tested with soap solution. This procedure
was repeated regularly. .

Zeled TFlow Meter Calibration

Flow meter calibration curve prediction methods were specified Ly
both manufacturers of flow meters. Because of the need for a very ligh

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

S66 e



experimentally with the actual guses 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 bagis. 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
éonfigurations and the flow rat;s 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.s When the arrangement was reversed, a maximum discrepaHQﬁ
of 0.%% of the dry meter reading was recorded. This figure was
congidered small in comparison with inaccuracies in flow metering
introduced by other factors and so no corrections wére made to the gas
volumes recorded by the wet meter.

The flow meters were calibrated by measuring the time for the wet
¢as meter pointer to complete a minimum of one complete revolution.

If one complete revolution of the pointer took less than two minutes,
the least nunber of complete revolutions taking longer than two minutes
vwas recorded. Timing was carried out using a stop watch accurate to

b 0.1 go _ Bach 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. VWhen
expensive gas mixtures were being used, however, it was not possible to

use as nmany points to plot the curve as for cheap gases because of the
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large volumes of gns required for such determinations. In the case of
Propane, & 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 ares flow
meter indicates the same reading for two gases, 1 and 2, of differing

density, it follows that:-

T [@_f_:yﬁ]” : (1
Qy (Pt -py) P,

where pf = density.,of flow meter float.
When the fluids being metered are gases, it follows that

PL® Py and pL> Py
in vhich case
bl [E;L,] ik (3.2)
% Py
Equation (3.2) has been used both in the production of calibration curves
and correction of indicated flow rates tobvalues applicable to the
particular conditions of temperature and pressure under which
experiments were being carried out. An analysis of the maximum error
ariging 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 épecified by the suppliers and were not

verified experimentally.
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33 Determination of critical boundary velocity grodient data

34541 Choice, desim and construction of fns burmers

Burners were required which would enable the criticel boundary
velocity gradient to be easily and accurately determined fron a
lmowledge of the volumetric flowrate of the primery mixture at blow-off.
Foé this reason it was decided to use four cylindrical tubes of different
dinmeters sufficiently long to ensure a fully developed laminer velocity
profile of gmses emerging from the ports. The burners were made from
drawn stainless stecl 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 (LE) is given by the following formula. -

L, = :0.0355 Re.d 3¢3)
d — tube diameter

It may be assumed that the maximum value of Reynolds Number will be 21CO
and therefore the minimum tube length will be given by

B RTS8 (3.4)

It nay be seen from the burner specifications in table 8 that some are
subgtantially longer than required by equation(B.d. This was to enable
easy interchange of the burners without the necessity for modification
of the secondary aﬁmoaphere distribution gystem. External diameters
were determined with a micrometer and internal diameters with a
travelling microscope.

F.3.2. 3econdary Atmosphere distribution

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

vhich the secondary atmosphere was passed at an average velocity of
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0.02-0-04.m/s. This velocity was not critical, the only requirement
being that_it was suficiently high to prevent recirculation of
conbugtion products and aufficientiy low to prevent disturbance of the
flane. The tover extended to a height approximately 0.5 m above the
burner port. ' The secondary atmésphere was distributed by a sparge ring
at the base of the tower and above this was a fine wire gouge supporting
e layer of 0.006 m diameter glass ballotini about 0.03 m thicke. 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 anp cbrrections made for the
gas density chenges by equation (3.2) when other oxidants were used. !
Two windows were cut on diametrically opposed sides of the tower
vo ennble a beam of light to be éhone through the tower passing through
vhe flames The windows were covered with pyrex plate glass which, while
not being optically perfect, were of sufficient quality for the burning
velocily determination technique adopteds This will be discussed in more
detail in section 5.4.35. The windows were also essential for observation
of the flane vwhen determining critical boundary velocity gradients. |

Se9e7 DLxperimental technique

' The following experimental téchnique was adopteds The fuel gas Llow
rates were set to give the required volumétric flow and ratio of the
constituanté. The Air was then set at a low enough value to enable a
Jamdinar flame to be stebilised on the burner. This flow rate was

gradually increased making the flame progreaaiveiy leaner until blow=off
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occurred, Sufficient time was allowed after each flow rate increase to
toke 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 Haogen-Poisewille equation.

A2 5.
gb = ﬁ (3.5)

The upper limit for hlow-off dé{erminations was the onset of the
ceransitional flow ré&imeo This was visiﬁle by the slight pulsations of
the flame which were ohse;vcd when Reymold's Number exceeded 2000. As
an additional checlk, Reymold's Iumber was calculated for all blow-off .
’
determinations, even when no visible sign of turbulence was observed.

Yo check the reproducibility of the experimental procedure, a few
experiments were carried oul using énly one fuel component, by holding
the Air flow constant and reducing the fuel gas flow rate. These were
compared with the values obiained by holding the fuel flow constunt and
increosing the Air flow rate, but no variation in the eritical flows
were detectable between the two cases.

Investigations were carried out on each burner for each fuel ;ms
mizture over o range limited by the onset of turbulence at one extrene
(fuel rich) end the weakest mixture with which a flame could be readily
stobilised at the other. - The latter limit was coused either by flow
metering problens or the difficulty of avoiding light back in the

deternination of the criticel flow rates. The formation of polyhedral

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



Polyhedral flomes were sometimes observed in rich flames when the
' fuel gzé had a high Propane content or in lean flames when the fuel gas
had 2 high Hydrogen content. Some Hydrogen-ﬂif 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 %.4.%.1l. Vhere polyhedral flames were observed, no éritical
boundary velocity gradient determinations were carried out as it is
lmown already that such flames give rise to erroneous blow-off data.
llormelly, a flome of similar fuel concentration was stabilised on a
larger burner and this was sometimes foﬁnd to eliminate the non—isotrogic
structure. VWhere thig was not the case, however, the formation of the

polyhedral structure provided the limit for blow-off determinations.

3.3.4 Details of experiments corried out

Table 9 lists the fuel oxidant systems which were studied over the
ronges of fuel concentrations indicated. The values of critical
boundary velocity gradient have been plotted against fuel concentration
.on the grophs indicated im table 9. .

The investipations represented in Graphs 10-15 were initiated
only after the detailed analysis and interpretation of the data
repregented in Graphs 1-=9 and 16-23,

5.4 Determination of Burning Velocity Data

Zefel Choice of method

: _In order to analyse the critical boundary velocity gradient data

by the flame stretch concept it was felt essential to determine burning
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Systems for which critical boundary velocity yradient

fuel-concentration relationships were studied
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velocity data for 211 of the systems detailed in section 3.3.4, It has
already been shown that burning velocity inconsistencies give rise to
the greatest errors in flame stretch factor determination and so in
choosing o method for this study, consistency was a more important
réquirement 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. Doubtis have
recently been cast on the accuracy of values obtained by flat flame
methods. The matier has been discussed in general by Andrews and Bradley
(44) and e particular technique which was used for the interpretation

of blow-off data by Bdmondson 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 pérfect 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 Singé (3.6)
To establish a.perfect cone, most workers have used o "bell"

shaped nozzle burner to produce a flat topped velocity profile
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(i1)

of the gases emerging from it. Rutherford and Fells (78)
have sugrested that such a velocity profile may be produced
on a burher somewhat more easily and cheaply constructed in
which the "bell" shaped section was replaced ﬁy 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 entir;
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 averapge
value -of burning velocity over 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 gnses (Q), burning velocity may then be
detefmined from equation (3.7)

su = & (3.7)

Three methods arc availoble to locate the flame front in

order to determine its area, thése being by photographing the
visible cone, the ghadow cone, or the schlieren cone. The
merits of each have been discussed by a number of authors
including Garmer et al (79) and the schlieren cone showm to be
most likely to provide accurate results, Even this method
has been gshown 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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lMethod (i) was thought to give the most accurate values of burning
velocity but was also likely to be time consuming., llethod (ii) was
therefore selected for use and it was decided to employ a schlieren
optical system for flame front location. There are many optical
arrengements suitable for schlieren photography and the selection was
governed by cost and versatility.

Ag an indication of the_errors arising from the use of these and
other methods of burning veloci%y determination, data published by
different authors has been compared for the Propane-Air system by
Gray et a2l (80) end for the lethane-Air system by Andrews and
Brodley (81).

56442 Choice of burner

It has already been pointed out that the accuracy of-the technicue
néoyted 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 firat of these was the normal
tubular burner described in section 3.3.1 whith produces a parabolic
laninar velocity profile. The second type considered for use was the
"bell" shaped nozzle burner discussed briefly in section 3.4.1 which it
wag hoped could be made so as to produce a flat topped velocity profile.
It was felt that if o burner of the latter type could be successfully
congtructed, a slight increase in accuracy.could.be obtained over results
obtained using the former type of burner.

With this in mind,.q nozzle burner very similar in dimensions to
that degcribed by Scholte and Voags (82) was constructed and preliminary

tesis were cerried outs Dxperiments were perfommed both with and without

‘
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the use of washers to vary the distance between the top of the bell

sﬂaped éection, which was water cooled, and the burner port. . In _

‘neither cose could aconsistently conical flame be produced. It was

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

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

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

vere 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 fleme 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 ’

vhich might arise from the use of this guxner 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 lNo.l, although Ilo.3

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

vere being studied. In such-instances, atfempts to stabilise a laminar

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

Jsds3 Degeription of experimental equipment and technicues

Jelle%e.l Schlieren optical system

The system utilised is illustrated in (Fig 3.3) and was mounted on
two parallel optical benches each Z m long and placed on either side of
thé secondary atmogphere distribution tower. |

The light source was & 250.uatt high pressure mercury arc the light

from which was emitted throurh g 0.025m diameter windows A collimntor

- 70"



W3ILSAS TVYIILd0 NIYIITHIS €°€ °9I4

. . = Ut . - L =
o AL ‘W SE6°0 = Ut §°9E

e | | SR T

B (. & % ,/- 3 : ¥
o
\ e a6p3 93 LUy oy /L
JOJALl UBAALLYIS rff;:r:rf
2 ~\y\\ aue| 4
| Q

1
: AMVfisffr, A0JA Ly UDABLLYIS
4072141 {03 suT aloyuL g JA9MO | lr/‘\- j ¥ .
L AEERAN o X
CLE— |

324N0S

“ut 2l

"W 8p0E°0 =
o

-

‘W 80G°0 = "ut g2 ‘W SE6°0 = “ul 8 9%

——
¢ /A
|



vwas used to produce an almost paraliel-beam of light which was focused
onto'a pinhole with o 0.508 m focal length biconvex lens. The gize
of the pinhole used governed both the clarity and brightness of the
schlieren image produced. An increase in brightness automatically
geve rise to a decresse in clarity and the choice of pinhole diameter
was of necessity governed by a compromise between these two. Thesge
pieces of optical equipment thus combined to provide a high intensity
point source of light. .

A schlieren concave mirror 0.116 m in diameter end with o focal
length of 0.935 m was used to produce a parallel beam of light which
passed through the flame to on exactly similar concave mirror which
refocuged the beam to = point 0.935 m from the second mirror. At this;
point, a knife edge or groded filter was positionod 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 vhich the lens had been removed was used
and the image of the flame was projected directly onto the shutter which
was in the focal plene. Kodac Plug-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 secondsary 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 suberimposed 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 m x 2 m. covered by fire resistant
blackout curtaing and fitted with a lightproof flue.

Jede3.2 The use of knife edges

The photogﬁaph produced when no knife edgeswere used consisted of an,
image of the visible flame cone on.which was superimposed thé 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 knife 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 lmife edges have been used with success;
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 imege becomes progressively darker as the knife edge is
mnoved 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 %o use a Imife edge
but to interpret the superimposed visible and schlieren cone image.
Detefminations carried out on the Propane-Air system using this approach
gave values of burning velocity similar to those of other workers wlho
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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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.



- Jede3e? Experimental teclmigue

After the fuel gas flow rates had been set, the Air flow rate was
adjusted to give a flame of the desired degree of aeration. Thotographs
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 répe:xted. Tormally three photographs of each of twelve
different flames were taken on each film. After developing,
" enlargements were made of the b@sf photograph of each flame and although
the size to which the flame was enlarged was not critical, care was
token to ensufe 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 ensble the
degree of magnification to be determined accurately. A magnification
of approximately five times was normally used. The height of the flame
waé governed by the volumetric flow rate of the:fuel oxidant mixture and
wags 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 phqtographed for scaling purposes.

3ed o4 lMethod of analysis of photopraphs

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 ap;x 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 r; to r are then constructed as shown on(Fig 3.4.)

If distance'a'is small enougﬁ it may then be assumed that the cone
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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 (Al) of the frustrum bounded by radii r, and r, may be approximated
as follows t-
= + -
Ay na(rl r,)

similarly ' A ﬂa(rz'ﬁ;r}) etc.
n-2_ TTa(rn_2 * rn—l)

A
A
An-lm Tn}(I'n--l 3 rn)
A

o 'na.rl

Yow the surface area of the cone (A) is given by

n=1
& mmen. BN
s M - o
. = + + Ty 3
§la Th A n'b(rn_l rn) 2 ﬂa|}-_ o s I‘n_l] (3.8)
‘ 2

Most rnethods require the measurement of the cone angle at a
number of points on the flame front. Senior felt that the errors
introduced by the assumptions made in his method would be ;amnll compared
to those arising from such measurements provided 'n' was large. In
these experiments, distance 'a!' wag not more than 0.003 m and normally
n>15.' Distonces 'a' and 'b' were measured with a travelling
microscope and radii ry tor, wi'l;h a graticule scale subdivided to
0.0001 m.

Je4+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 congiderable discrepancies in the burning velocity data
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Approximate range of fuel

3055 Hydrogen

7955 Helium

Toaol Oua concentrations stud;f.ed (gﬁﬁ;ﬁ; 2 G-I:E.ph
expressed as a fraction Seban ) oe
of stoichiometric =X daxy
Propane 0.84 = 1.29 Air 16
8055 Propone :
20;3 Hydirj'ogen Dadieled) S &
605> Propane N
4055 Hydrogen 9"75 e tre AcE 3
407> Propane .

!Go{i Tydrogen 0.65 = 1.35 Air 9
209 Propane : _
8(.‘-;3 Hydrogen 0065 = 1.45 Air 2C
;8 P;gg;fgn 06k & 155 Air ]

¥ 44 o
et oY :
o5 f;gﬁéﬁn 0470 = 1.40 Air 22
Pl By S
Etlhylene 0,70 = 1,52 Air 23
: 2155 Oxygen 5
PI'O_,_,.-.JLG 0. 55 e 1.69 79}:’ :LI‘GO]‘[ dp
(o‘;é Propane 0454 = 1.61 21"; Oxygen or
4075 Eydrogen e S 79%5 Argon 2
207 Propane a 2155 Oxygen P
805¢ Mydrogen US40 (.80 795 Argon £p
: 215 Oxygen
Propane 057 = 1,62 79% Heliwn 27
G055 Propane . 2155 Oxygen
405 Eydrogen 0469 = 1456 * 795 Helium |
' 2045 Propane 0,60 = 1.60 215, Oxygen 29

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 héve proved extremely
inaccurate using the te;hnique 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 1l0.22 shows a considerable scatter of points
which occurred for this reason when the fuel with 95% Hydrogen was used
and it was anticipated that.the.scatter would be eveﬁ greater ‘with the
Hydrogen-Air system. Dixon-Lewis (68) has recently computed burning
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 ’
Janische The combined experimental data of these authors was therefore
used in this work and has been plotied on a comparable basis t§ the data
determined experimentally in this project in Graph llo. 30. The maximun
" burning velocity is considerably greater than most values cited in the

literature but is recogmised as the best value currently available,

2¢5 The analysis of concentrations of stable species in flames

Je5e1 The choice of method and principles by which it operates

The major considerations in the choice of a suitable method of
analysis weres=-
(i) 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.

(i1i) A high degree of resvlution 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
me thod which aid not require the removal of a gas sample from the flame,

'Spectroscopy has been used to study radical concentrations in flames but
vwag considered unsuitable for this type of work aé 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 Wastenbufg (85)
and subsequently used by several other workers and it was from these
studies the system used in this work was developed. A quartz
mic;oProbe was positioned 510ng a flow line to remove a sample from the
flame.  Provided the probe orifice was small and the probe was shaped
in an serodynamically favourable way, no disturbances of the flame front
were detectable. In order to prevent further reaction of the gnses
after sampling, the gases were withdrawn at a sufficiently high rate to
cause sonic velocity through the probe orifice. fhe adiabatic expansion
and subsequent cooling of the gases was sufficient to quench the flame
reactions. This sampling technique has been investigated in detail by
members 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 o flame at 1500%% to as low as 350K, They have also investignted

the influence of probe orifice diameter on resolution, and sample pressure
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on reproducibility.

Twod instruments were considered suitable for sample analysis, these
being a gas chromatograph or a mass spectrometer. Eo'ipstrument of the’
latter type was readily available. However, a suitable gas chromatograph
was available and so was selecled for use,

5+5.2 _Construction, testing and positioning of microprobes

The probes were constructed from 0.005 m outside diameter quartz
tubing.  Tubes of both 0.001 m and 0.002 m’ internsl diameter were tested
end the former found to be more satisfactory fof reagsons discussed in
section 3.5.6. The first stage of construction was to cut a length of

tube about 0.0l i1 longs One end of this was bent to form & hook and the

tube was then clamped vertically with the hook at the bottoms It was ’
then drawn to a fine capillary just above the hook with the use of &
glass blower's Town gas-Oxygen burnmer to which was.attached a micro-torch.
Small 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 1 evenly over

a distancelof 0+015 = 0.02 u. The size of the weight hung on the tube
wag reduced as the size of the neck decreased. The tube was then cut
with a fine quartz fibre at the end of the topered section and inspected
through a microscope to ensure the cut was at right angles to the tubve
axis. The orifice dizmeter was then further reduced to a diameter in

the range 0.00008 - 0.00003 1 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 tuﬁe axise The orifice appeared

as o black dot in the centre of the hot quartz and itgs diameter could thus

ve determined after each application of the micro-torch by direct



mezsurement, In this way a probe could be constfucted 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 éfter.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 Arkensas Stone to give a more aerodynamically'favourable shape which
would minimise the chances of flame front disturbance.

The probes were mounted an& positioned in a Prior micro-manipulator
copable of movement in three perpendicularly opposed planes. The
.manifulqtor was capable of measurement by means of a vernier scale to
0.0001 m and had an a&ditional facility which enabled the probe to be ¢
held at any angle. Probes were tested by comnection to the sampling
system which is described in detail in section 3.5.4. The probe was thén
positioned so that the tip was approximately 0.0001 m on the burned gas
side of the primary fleme front and 0.0005 m above the burner rim. A
poorly constructed probe caused the flame to 1lift 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
dizmeter but rather on the shape of the tip. The orifice diameter daid,
however, affect both sampling rate and resolution, an increase in one of
these automatically causing a decrease in the other. Some compronise
was tlius necessary in order that the time lag between a sample entering

the probe and reaching the gas chromatograph sample loop was not too

freat.



Je2e) Sample system construction and testing

A diagram of the syétem 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 anﬁple loop was lagged to minimise heat loss and the
constant temperature bath controller was set to control at t;é
temperature of the chromatograph oven. The sample pressure was measu;ed
with a transducer rather than a manometer so that the dead volumne present
in the 1imb of a manometef could be eliminated. An instanteneous pressure
reading was required and so the tronsducer convertor wus coupled direcﬁly
Yo o digitsl voltmeter. The digital voltmeter readings were calibrated
cgainst o manometer comnected to the tee adjacent to the trﬁnsducer as
shown on the flow diagram. The transducer-selected for use was an
induc£;ve transducer with a differential prassuralrange of 0-20 lb/inz.
An Edwards vacuum pump was used to withdraw samples on a continuous basis
and the sample pressure was controlled by the use of the valvé attached
to a tee on the pump inlet.

It has been suggested that in order to obtain sonic flow through the
prove orifice, a pressure ratio of al least 2.2 is required across the
orifice. Prelinminary tests showed that the pressure drop in the
pipevork and fittings between the probe and transducer was less than
100 mm Hg and so it vas estimated that the maximum pressure in the swiple
loop should not exceed 200 mn Hge In pracfice,-howcver, experinents were

Ll

carried out with 2 sample loop pressure of approximately 150 mm Hg so that
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a margin for safety existed . This figure impliéa a pressure ratio of
3,04 when the atmospheric pressure is 760 mm Hg.

The chromatograph sample valve had originally been fitted with two
gample loops each 0.,0005 m3 capacity,one of which was always in line with
the carrier gas supply and column and the other with the sample line. IThe
loop positions could be reversed by simply switching the sample valve
control o its alternative position. It was felt that when, on
injection, the samplg pressure was increased to that of the column, the
effective sample volume would be too small for really accurate
concentration measurements. The two loops were therefore replaced by.one
of C.C015 m3 capacity and a low capacity b@asso Insu;fficiént gpace was
available for the installation of two loops of the larger size. -

It was recognised that moisture would be present in the sample and as
this would adversely affect the chromatograph column packing, a drying
unif wag installeds This consisted of a stainiess steel U-tube packed
with self indicating Calcium Sulphaté (Drierite) and a Nupro stainless
steel Iilter constructed to remove particles greater than 0.CC00CT n
dizmeter. The filter was present to protect the chromatograph sample
valve against domage caused by entr:Lined.particles of drying agent. The
drying agent was replaced regularly.

All tubing and fittings were constructed from stainless steel except
for o short gsection of flexible P.T.F.E. tubing between the probe and the
valve on the temperature coniroller inlet., All valves used were Home
staiﬁless steel needle vaolves fitted with replaceable P.T.F.E. seats.

Tubing was either 1/16 in or 1/4 in outside diameter depending on

location. Swagelok fittings vere used but the stainless sfeel olives

w/Bvh
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were replaced with viton O-rings as it was found that the latter were less
likely fo 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 reguler 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 vacuun in the normal way and inflated plastic bags stuck
over each fitting. ~ Deflation of the bag indicated the pfesénce of a*
leake The latter approach was also used to test for leeks on pafts of
the sampling systen which_could not be tested by the pressure drop metﬁéd

because of the positions of the isolation valves.

j5eHed Analyticel instrument

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 5.2., and the following instrument settings were

employed.
Oven temperature - 40 %
Detector current - 200 ma
Carrier gas pressure - - 3045 lb,/in2 gauge

A Honeywell single speed chart recorder was used with an input range of
0=1.0 mv. and a chart gpeed of 50 in per hour. Table 11 details the
attenuation settings and colums used in the analysis' of each gus.

This instrument has been previously used by both Woodcock (86) and

Atomar (87) who have given more detailed descriptions of its construction



a8 to be Caluiin Daskiva Attenuation Colum :
analysed e setting Length (ft) I
Hydrogen Porapak Q 50 21 ]l
Ethylene Porapak Q 2 6 E

| 1

Table 11

Chromatosxraph Colunn 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 péuk
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
bcomplete analysis took approximately ten minutess A typiczl Hydrogen=-
Air samnle trace is shown in (Fig 3.6).

5505 _Calibration and reproducibility of chromatograph

Because of the variable saiple pressure it was necessary to calibrate

peak height ageinst effective volume of Hydrogen (VH) or Ethylene (VE)

where
gomple pregsure

Vi 7o Yo : Yo

E *2  Stmospheric pressure (5.92) :
o

%y = Hydrogen concentration expressed as a mole fraction

s

" gample pressure 2 A
v = - - ’ o]
E *B atmospheric pressure (3.90)

*- = Ethylene concentration expressed as a mole fraction

P sample . atmospheric 3 indicated differential
pressure pressure pressure

(3.10)
Bquation .92 and b imply an isothermal compression of the sample on
injection which is reasonable as the column is situated in a
thermostatically controlled oven. Graph No. 31 is the calibration
‘graph .obtained by sa.mplinri; gas mixtures of known Hydrogen concentration.

The reproducibility was estimated to be z 195 of the waximum

concentration under a single set of ambient conditions. This value
was reduced to . %60 when large variations in ambient conditions occurred

probably due to inefficient lagging of tubes giving rise to variations in

- 87 =
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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 loboratory were experienced in this part of the work only because
a new ventilation and heating system wae being installed in the building
at:the tine.

%.5¢6 Experimental procedure

A laminar flame of the desired composition was stabilised on
burner 17o.1l, & description of which sppears in section 3.5.l. The probe
was set at an angle considered to be similar to that of the flow lines'hz
the region of the flame to be studied. Although no experiments were
é:rried out to indicate the direction of the flow lines, their paths could
be estimated with a considerable degree of confidence from particle track
photographs of aerated flumes published by both workers.

Distences vere measured relative to a point on the outside of the
burner port at which the tangent to the burner pgrt intersected the probe
axig nt right angles. The first stage in an cxperiment 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 appear;d to merge with the
surrounding atmosphere.. One of the plate glass windows in the secondary

etmosphere tower had been replaced with polythene sheeting through which

the probe passed.

-89 =



The continucus scmpling system was allowed to withdraw semples from
a single probe position for ot least fen minutes before injection into
the chromatograph was carried out. This was more than twice the length
of time that preliminary tests had shbwn to be necessary but as a single
analysis took ten minutes, the probe could be moved to itgs new posifion
immediately after injection of the previous sample and the new sample
withdrawn by the time the instrument was available for the next injectioﬁ.

Because only one 0.0015 m5

sample loop Was being used, it was necessary to
switch the sample valve back to its original position five minutes afteér
the injection. This had the effect of injecting a very small sample
into the colurm from the bypass loop but the recorder itraces that this :
oy

produced did not appear until well after the traces from the original
sample 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 flome where concentration varied only slightly with
horizontal distance, the step lengths were sometimes increased to severasl
times this value. The digital voltmeter redding was noted and o sample
injected after each step and the probe position was noted when the tip of
the probe made contact with the primary flame fronte The concentration
profile was congidered to be complete when a constant concentration of
the species being monitored equivalent to that present in the unburned
gases vas recorded. ter each concentration profile 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

“ 90 =



out since the previous inspection were disregarded and repeated.

It was found that in flames richgr than stoichiometric in fuel ‘a
point was reached as the probe was moved vertically at which sufficient
of the probe was passing through the secon@axy'combustion zone for the
" sample to be reheated enough to re-ignite the gases in the probe. 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-ignition
was taking place and marked the maximum height above the burner at which
profiles could be delermined reliably. This phenomena was found to tahe
place far more readily when the probes were constructed from thin walled
quartz tubing than when tﬁe thicker tube was used. . It was for this reason
thaé probes made from the latter tubing were preferred.

Little trouble was experienced with probe orifices closing because of
the lhigh temperatures in the flame reaction zone. When this did occur,
however, it vas clearly evident by a rapid decrease in pressure in the

semple line and a corresponding reduction in recorder peak height.

5e¢50] Details of experiments carried out
Concentration profiles were studied as detailed in table 12, In all

caceg, concentrations were expressed as ratios where
L]

R = local Hydrogen concentration
0 : ;
concentration of Hydrogen in unburned gases

RE = local Ethylene concentration
concentration of Ethylene in unburned gases

Local and unburned gns concertrations were expressed as mole fractions.
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5.6 L4nalysis of temperature profiles in the stabilising region of
laninar 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 unsatisfactory and the work is recorded briefly for the
benefit of future workers.

3,641 Bxperimentsl method and findings.

The technique adopted was to use a fine uire thermocouple constructed
from 805, Pt/20¢% Rh and 605 Pt/40% Ri wires 0.00025 m in diemeter. A
detailed description of the construction of such thermocouples has been
given by Fristrom ond Westenburg (85) and their use has been commenied on
by Datta et al (15). The use of the method depends on two important -
criteriat-

(i) The thermocouple must be aligned with an isotherm so as to

eliminate heat conduction along the wires.

(ii) The couple must not disturbd 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
he case, however, for three reasons. Firstly, the flame front wvas
observed to 1ift 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 flemes studieds Thirdly, conduction effects were
clearly not negligable. While the two latter problems would not have

arisen in Datta's study it is not clear why he did not encounter the

provlen of flame front disturbance.






4o  AALYSIS AND DISCUSSION OF RESULTS.

41, Comparison of experimental resulis for Hydrogen-Fropene-Air
system with those of other workers

To facilitate easy comparison of critical boundary velocity gradient
and burning velocity data with that of other workers, Graphs 48 and 49
‘have been compiled from the data presented in Grophs 1-8 and 16-22,

4,1.1 Criticel Boundaxry Velocity Gradient data

Reiter and Wright (88) have made a study of the Hydrogen-Propane-Air
gystem and their data has been plotted on a similar basis to this
investigation in Greph No. 50. By comparison of Graphs 48 and 50
it will be seecn that there is considerable agreement between the critical
?oundary velocity gradients of nixtures common to both studies; It
should be pointed out that Reiter and Wright used Propane of only 95¢. ’
purity and elthough it is not clear what constituted the other 56 it is
possible that this may ac;ount 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
a5 in this investigation. Ilevertheless this work provides a valuable
corroboration of the accuracy of the data presented in Graph 48.

Crumer et al (89) have carried out a few crificul boundary velocity
gradient determinations for this system. Their investigation was not
o comprehensive one and none of their mixtures were directly éomparable to
those studied in this worl. Their results were used by Van Krevelen and
Chermin (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 Craph 48 is generally poor. The discfepancy'

- 95 =



is (reutest between experimental and predicted critical boundary
velocity gradients w'ith fuels of high Hydrogen content and so the method
night be of use for prediction of the blow-off characteristics of low
Hydrogen content fuels provided o high degree of accuracy was not
egssential. In generzl it would seem unwise to place a great deal of
confidence in blow-off data predicted by this method.

4.1.2 3Burning Velocity Data

Leason (91) has carried out measurements of Buming velocity for
llydrogen-Fropane-Air mixtures with O, %oy 10{%, 2050 and 505 Hydrogen in the
fuel gns nixture, He delermined his data hjr application of equation (';;-.T)
using the visible image of the separated primary fleme front in order 1o
evaluste the flame front area. The value of maximum burning velocity
reported by Leason for the Fropane-Air system is approximately 20,5 below
currently accepted literature values. Furthermore, the maximum burning
velocity occurs with an exactly stoichiometric flame, whereas most workers
have found that this occurs with flames slightly richer than
stoichiometric (in this study at X = 1.065). It is not surprising,
the'refore, thnt Leason's curve for 20% Hydrogen present in the fuel differs
considerably from that in Graph 17. The; ratio of the maxXimum burning
velocities of Propane with Air end a 20% Hydrogen, 8055 Fropane fuel gaus
nixture with Air in the two gtudies 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) agninst mole fraction of fuel in the fuel oxidant mixture ()

=106 "=



by the relationship .
| - o sk = 0431954 o009 Py . (4.1)
laximum burning velocity is plotted agains{ percentage Hydrogen in the
nixture in Graph 52 and a&uinst total fuel concentration expressed es a
mole fraction in Graph 53. Also on Graph 55 are plotted the values of
naxinum burning ﬁelocity determined for the Hydrogen-lMethane-Air system
by Scholte end Vaags (82) and it will be seen that a Biﬁilar type of
equation to (4.1) may be used to correlate their data also. It is
possible that this might provide a metho& of predicting the maximun
vurning velocity for other Hydrogen-Hydrocarbon mixtures although clearly

this would require experimental verification using a variety of

.

Hydrocarbon fuels.

4.2 Tlanme Stretch analysis of Hydrogen-Propane-Air data

Phygical 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 datz fron
Craphs 48 and 49. The burning velocity-fuel concentration graphs for
fuel gas mixtures O, 20;: and 4075 Hydrogen were extrapolated slightly to
enable larger concentration ranges to be analyseds A typical set of
calculations is shown in table 17 and the results of all calculations
are plotted on Graph 54. Ingufficient data was available to produce any
flane stretch analysis for the fuel. gas mixture containing 955> Eydrogen
because of flow metering linmitations. | :

Reed's correlation (equation 1.10) indicateé_that ceritical flame

stretch factor is independent of fuel concentration for [lames leaner

- 97 -
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than stoichiometric. Edmondson and Heap (28) showed that in practice
this waé never the case but that the dependance was least significant

in a region X = 0.85 Yo X = 1.0, If the fuel concentration was further
redﬁced, however, the dependance on fuel concentration appeared to increase
agein in a number of cases. This trend was preseni 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 nlready been indicated in section 1.2.5. Neither
correlation differs substaentially from that predicted by Reed's tlieory,
however.

In this context, the work of Van Heyningen is of some significancb
(97). He has attenpted to determine the true nature of this relationsiip
by the evaluation of parameters in equation (1.3) by solution of the
Tavier-Stokes equation without the assumptions made in the derivation
of equation (1.9). The work is open to considerable criticism, however,
as the author appears to have failed %o comprehend the assumptions made in
the derivu%ion of equation (1.3) and hence the upper fuel concentration
limit of applicability of this equation. His theoretical values of
flame siretch factor for rich flames are of very limited vglue thereforé.

The progressive introduction of Hydrogen into the system causes a
rapid increase in critical flame stretch factor so that in a
- gtoichiometric flame with a fuel gas mixture of 80y, Hydrogen and 20i
Fropane, the critical flame stretch factor is nearly five times that of
the corresponding Propane-Air flame and eleven times‘fhat value predicted

by equetion (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 é.
Substantially larger increases in Hydrogen concentration would be required
in the hiéh Hydrogen content flames to cause these stability anomalies than
in the low Hydrogen content flames. It may be concluded fronm Graph 54
that the increase in Hydrogen in the stabilising region is dependent on

the Hydrogen concentration in the unburned gas mixture. Tpis is
indicative that a moleculer diffusion process nay be responsible.

It is perhaps ot this stage worth indicating how a thermal diffusion
process might account for the changes in critical flame stretc‘z} 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.

. Thermzl diffusivity is substantially independant of the concentrations
of the molecular species present in the mixture., The introduction of .
Hydrogen will give rise to o reduction in preheat zone thickness which is
proportionnal to burning velocity. The maximum Hydrogen flux caused by
thermal diffusion will therefore vary with burning velocity. Large
temperature grodients exist only over a very short distance in the preheat

zone of the flame however and it is doubtful whether thermal diffusion

.

T

could account for the transport of Hydrogen over the distances necessary
to influence stability to %he 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-Levwis et al (94, 95) have computed fluxes of molecular Hydrogen

due to both molecular and thermal diffusion in Hydrogen-Oxygen-llitrogen

: f - 100 -



flomess  The method .employed was based on a_technique described in an
enrlier-paper (96)s They have shown that fluxes due to thermal diffusion
~can at times reach a similar order of-magﬁitude to those due to moleculer
diffusion and by substant&ally reducing the Oxygen to Nitrogen
concentration ratio in the unburned mixture to below that of Air they have
recorded instances where the thermal diffusion fluxes exceed the molecular
diffusion flutes. In such situations, however, the moymitude of both
fluxes is small. They have shown that fluxes of atomio lLydrogen are of
considerable significance in flane structure and flame reaction linetic
considerations and have always found that molecﬁlar diffusion fluxes of
this species axre always very much greater than the corresponding thermal
diffusion fluxes. This has also been shown to be the casé with Ox;;eﬁ,
litrogen and water vapour. With these three species the two {luxes
oppose each other whereas for molecular Hydrogen the fluxes complenent
eoch other. Clearly, whether fluxes of atomic Hydrogen oppose or
complenent each other ic dependent on the position in tﬁe flame front
under consideration.

je20d' Correlation of flame stretch factor end preferential
diffusion faocloxr

It has bheen svggested that the preferential diffusionlfactor as
defined in equation (2.6) may be considered as a measure of the degree
to which preferential diffusion will occur in the stabilising region
of a laminaxr aerated burner flame. It has been evnlﬁated for
Tydrogen=Propine-Air mixtures as detailed in table 14 and the following

assumpiions have been mades-

(1) D, = diffusivity of waler vapour in Air.
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o aiffusivity of Ilydrogen in Air
(111 = water vapour concentration in combustion products
(iv) s G Hydrogen concentration in unburned gases.

(v) physical properéies are those of the unburned gas mixture

(vi) Dl and Dz have been evaluated at the unburned gus temperatiure
as 1t was anticipated that this region would provide the
greatest resistance to mass transfer.

vii) % hos been evaluated assuming complete combustion of that
proportion of the fuel gas mixture for which there was
sufficient Oxygen present in the primery mixture.

(viii) A constant Hydrogen to Propane concentration ratio has been
asguned at 211 points in the primary combustion zone.
A1l concentrations have been expressed as mole fractions. This means

of evaluation of x, was showm by Datta (14, 32) to epproximate closely

1
to the mexinum concentration difference across the primary and secondary
combustion zones in the sgtabilising region of both fuel lean and fuel

1

rich lethane-Air flames. Thus the apparent inconsistency in the

evalgntion of %, and e provides a means of arriving at a reasonable
value of the concentration dfiving_force which exists for each molecular
species.

Three cdditionnl values of preferential diffusion factor were
calculated, from data obtained by the extrapolation of CGraph 54 as
detailed in tabie 415

Craphs 55-61 have been plotted and it hes been found possible to

- characterise the relationships between critical flame stretch factor and
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| ] N # Preferential
Fuel t oo ont Critical Flanme Di:‘ fu""ionu
n : i %y O~ - - & -
oncentration | i Stretch Factor
¥ PERIAR 0 PuelsGas - Factor
X K =
0.7 0- I 0.16 0
Qs « 20 C.18 0.00192
Ot 40 0.20 0.00488
-

4

'nble 15 - Additional dato obtained by extrapolation
of experimentally determined critical
flonme stretch lactor-fuel concentration

,
e
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preferential diffusion factor by equat:.ons of the following type for

constant fuel concentration (X)

e AT R SRR L i, (442)

X = flame stretch factor for gituation in which preflerentizl
iffusion occurs.

Ie' =  fleme stretch factor determined experimentally for
situation in which no smgm.f:.cant preferenticl diffusion

OCCuIrs,

C parameter dependant on fuel concentration only.
The various volues of ‘z:l:md C on Graphs 55-61 were computed by =
"leasgt-squores" imethod on the University Honeywell 516 digital computez.

95¢. confidence limits oxe also shown on the graph. The evaluation of

3]

confidence limits from the variance of log K is justvified as the probadle

3

errors in flame stretch factor could be expressed as constant percentege

"

4

4.

rof the value of flame siretch factor. utunUdrd deviations and correclation
.
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.

28 a fraction of stoichiometric in Graph 62 and the following relationship

derived enpiricolly:-

¢ = c.u+(1-u,[-——4‘7— 685] (

CeT<X<1:5

)

=

The nature of this relationship reflects the different mechanicms
by which preferential diffuasion influences flame stability in fuel weak

and fuel rich flaomes.
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Fuel Concentration

Standard Deviation

Correlation

i t
] i
|
X E o { Coefficient
| i
0.7 l 0.1119 ‘ 0.984
0.8 i : 0.0989 0.986
: 0.9 : 0.0983 1 0.984
* 1.0 | 0.1024 0.988
1.1 i C.0787 0.988
15 d | 0.0544 0.997
17 ‘ 0.0394 * 9
| 7 | 294 | 0.997 i
Toble 16 = . Stotistical analysis of date used %o
N obtain relationships of the type
indicated in equation (4.2)
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In fuel rich flomes, 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. t is
wilikely that the influence on critical flame stretch factor of a change
in concentration, reflected by 2 particular value of prefgrential diffusion
factor will depend on fuel concentration itselfl. ’l‘his gives'rise to e..
value of C for XY 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
P W 2

critical flame stretch factor. Secondary qombustion effects will be
negligible in comparison. The influence on the primary combustlon
reactions of a concentration change reflected byla particular value of
preferential diffusion foctor will be complex and will be a function of
the fuel concentration itself. This is reflected by the variation of C
with fuel concentration for X<1.0.

3y combining equations (4.2) and (4.3) it follows that

kK = X exp [(38.6+ (1 -a) (Fhor - 6.05))x] (4.4)
' 0.7<X <143

If equation (1.10) is used to characterise Klthen it also follows that

k = 0235 [0+ @4 -1) Jexp [(38.6+ (1 -a )(igfégjgfg'

- 6.85))F
0.7‘1x<1.3 (4.5)

Equation (4.5) moy be expressed in a more convenient form for evaluation

of critical boundary velocity gradients as followsi-

| WL _
gh = %'5999-‘1-- G+ (x5°41) Jexp [136.6 +(1 -a) (34—

X - 0,615

- 6.85))1
0.7<X<1.3 (4.6)
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It is proposed that this equation should be valid for the prediction of

the influence of Hydrozen on any laninar serated burner flame provided

that the fuel concentrotion lies within the stated limits. I1 has not
been tested for mixtures in which F > 0.047 and so this provides & further
limitation on its applicability although there is no theoretical redson for
the irposition of such 2 limit. This limit would be exceeded only when
very high Hydrogen content fuels were being used and in such cases tlhe
'burners used would be so small that the situation is very unlikely to exigt
in practical situations.

SBauation (4.4) wos used to celculate the values of coritical flame
stretch factor corresponding to those determined experimentally and listed
in table 14. An average discrepancy of : 7¢° of the experimental valué
wag found to exist between calculated and experimental values.

4,7 TPrediction of the blow-off characteristics
a1

of the Hydrogen-llethane-Air system

As 2 test of the applicability of equation (4.6) to systems other
then the Hydrogen-rPropane-Air system from which the equation was developed,
en mnalysis hag been carried out on data for the Hydrogen-liethane-Air
systenm. This system was selected as both critical boundary velocity
gradient and burning velocity data were available in the literature.

L

Scholte and Vaags (02) determined the burning velocity dato by o "cone

\

L

angle" methed and their work hog already been discussed in earlier sections.
Their method hus provided accurate data for other systems and there is no

rerson to doubt the validity of this parbicular set of data.  Grumer et ol

ritical Loundary velocity gradient-fuel concentration

u
o

’ 5 5 +
(89) have investigate

.

- . s . ~ 1 - - . 1 . -
relationghips for this systen. It hes already been pointed out that their
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data i‘or the Hydrogen-Fropane=Lir system was used in tne der:.vatlon of the
Van I.revelen and Chermin method fer the predlcu:-.on of such relationships
for multicomponent fuel.,. This method has proved inaccurate for the
latter systen and this may reflect on the accuracy of the data from which
the method -was derived. If the accuracy of the Hydrogen-Fropane-Air data
is poor, then it is quite possible that the Hydrogen—l»lei;l-ume-;kir data is
equally inaccurate.

Trom teble 17 it moy be oUserved that there are two pgrticul.t-.r i
uricus results. The first concerns the experimental critical flame

o -l

stretch foctor for a 0.7 stoichiometric flame with a fuel gas nixture
containing 4%.9% Hydrogen. The vulué is for smeller then is to be
expected. In the system witl 7).9 Hydrogen in ihe fuel gas, the
critical flame stretch factor-fuel ct‘moentr:-ztion relationship is unlike
:“;13,‘[ studied in this or any other investigation. The critical flame
stretch factor for a 0.7 stoichiometric flame is very rmuch greater tvhau
for o 0.0 stoichiometric Ylame. There is no reasonable explenation for
this and it nust be concluded that both of the anomalous resulis

discussed are accountable to experimental error.
1. .

- !

If these two results are included, on average discrepancy of = 27e

e

.of the experinental value exists between predicted and experimenta
eritical flame streteh factors with a meximun discrepancy of 1920, TR
the .onomelous results are ignored, however, these two fipgures are reduced
to o 25,05 and 54.0,5 respectively. The largest discrepancies occur with
the fuel mixbture containing 79.95'. Hydrogen and it was with high dydrogen

content fuels that the data of Grumer et al was found to be least
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ceurate 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 experimentsl and
predicted critical flame séﬁétch factors is goods Reed has augcested
that flame stretch factors can be evaluated only to an accuracy of - CCQ
hnd'ln all but one case the agreement is well within these limits. Graph

64 presents these data graphicully.

4.4 The replzcement of Nitrogen in the primery and secondary Air
by Arcon and Helium

4.4.) Oritical boundary velocity gradient and burming

velocity data :

The replacement of the inert constituent of the‘Air, i.e. Nitrogen,
by Argon or Helium ceuses change in density, specific heat, and thermal
conductivity of the unburned gas mixture and the diffusiﬁitieslo: 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 ensu;e,
however, that burning velocity, GrlulC 11 flame gtretcih factor and
preferential diffusion factor nay «ll differ from the corresponding
values associated with normal aerated systems.

As faxr as the author is aware, Helium and Argon "Airs" have nét been

n

used in blow-off studies prior to this investigation. They have,
Ay

lowever, been used by Mellish ond Linnett (92) and Clingman et al (93)

in attempts to clarify the mechanisms governing burning velocily and by a
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sunber of cublhors in studies of the upper and lower fuel concentration
limits for upward and dovaward propagation of flame fronts with 2
veriety of fuels., The latter studies have been presented in a table
by llellish and Limett (92) topether with data obtained using a nuwuber
of other "Airs".

Clingnan et al (93) have czleulsted sdiabatic flame témﬁérutures
for a nmunber of liethane~"Air" flomes with Nitrogen, Helium, ﬁnd Apgon
as the inert constituent. The vaiues using the "Helium" and "Argon"
Airs are identicuzl but in sone cases DSOOK greater than thet for a

itrogen-Air flome of the same fuel concentration. They concluded
from their experimental resulis that no simp;e burning velocity theory
e.s that of Tenford and Pgose, can account for the observed ratios of
the burning velocities of mixtures of a similar fuel concentration but
different inexrt goses.

The values of burning velocity using the various inerfs would Le
snbicipoted to be in increasing order of megnitude :=- Nitrogen, Argon,
:ﬂiium. The experimentally determined ratios of these values for
llethane-Air flames would not be expected to be the same as those for the
Hydrogen-Fropane-Air flames. This has been found to be the case in

practice.

4efe2 Flome gtretch analysis

he data presented in Graphs 10-15 and 24-29 have been analysed on
a fleme stretch basis and the results are presented in Graphs 05 and G66.
The general shape of the curves of critical flame stretch factor plottied

~=inst fuel concentration are similar to those of normal aerated systens.
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When no iydrogen is present, the values of critical fleme stretch factor
are significantly 1owe§ when either Helium or Argon is the inert than when
itrogen is used. The flame siretch theory predicts that if no

g preferentisl diffusion is likely to occur, the values of critical flame
"stretoh factor should correspond to those calculated using equation (1.10)
irrespective of the nature of the oxident. Equation (1.1C) was derived,
however, from an analysis of serated systems in which the inert
constituent of the Air was alw%ys Witrogen. It must be concluded,
therefore, that equation (1.10) is applicable to normal zerated systens
only and thet Reed's anomalous results for the Propane-Oxygen and
llethane-Oxygen systems moy not necessarily be caused by preferential -

diffusion as he has sugpested.

-

In searching for & reason why Reed's correlation is nol applicable

Q

when Argon or MHelium is the inert, "it is worth noving that the wadiabati
{flsnme tenpersture is substnntiallj higher when either of these inerts is
present than when the inert is Ilitrogen. This may provide an
explanation for the variations in critical flame stretch factor.

The boundary velocity gradient theory assumed that heat conducticn
to the burner was of prime importance in blow-off considerations. The
flome stretch theory has shown that aerodymamic quenching is the more
importnnt mechenism but makes the further assumption that the local
burning velocity at the poinf of stobiliiy is equivalent to the norual
burning velocity. The amount of heat conduction to the burner und the

curvature of the flame front will influence how good this assumption is.

Datto shoved that it was not unreasonable for the two dimensional llethane-



..

Lir flanmes that lie studied but that nevertheless fhe local burning
velocity in this region of the flame was lower than the normal value.
The fleme tempersture, and thus the temperature driving force for heat
conduction will to some de;reé influence just how nuch lower than the
nornal value the local burning velocity ise As a result of thig, the
wgswaption will give rise Lo lower values of critical flame stretch-
factor for flames of similor degrees of aeration than would be. the case
if the local burning velocity wére uged. Thus the hottest Ilame will
cive rise to the lowest critical {lame stretch factor if the normal
burning velocity is used in calculations.

Az the adiabatic flane temperatures are identical when either Ilelium
!

or Argon is the inert, similar critical flame stretch factor-fuel
concentration relatvionships would be expected if no preferential diffusion
occurs, although differences in dead space height might influence the heat
conduction to the burner. Graphs 85 end 66 show that there is considerable
sinilexrity over part of the concentration range studied and that the two
correlations differ only for fuel concentrations at the lean end of the

Tange. It has already been pointed outb that when llitrogen is the inert,

-
¢ fleme temperature is lower and as anticipated, the critien

o
e
@
o
[=5)
(R
'_'I
o’
3
g
PN

flane 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
flome stretch factor were noted when.Argon was the inert (Graph 65) but
little or no chonge was noted vhen Helium was used (Graphs 67-68). In

order to test whether preferenticl diffusion could ‘account for these
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observationg, preferential diffugion fectors have been calculated and oy
epplication of equation (4.4), critical flaome stretch factors have been

4

predicted os detailed in table 18, In ordexr to evaluste I'Zl in ‘this
equation, the experimentally determined values of critical flame stretch
factor for the Propane-"Air" gystem with the appropriate inert have becn

used. The digcrepancy between predicted and celculated critical flane

stretch factors have been calculated asz detailed in table 18 znd all lie

-

within Reed's t 60;° 1imit which is discussed in section 4.3 and all but
four values within the limits discussed in Appendix 2, t is su;ge:;t.ed
therefore thet this worl with Helium and Argon Airs provides additionzl
support for both the preferential diffusion concept and also tlie netlhod

of anaolysis proposed in nection 2 and applied to nerated flames containing
Hydrogen in section 4.2 The use of thege "Airs'" has enabled phyrsical
ond transport properties Lo be varied over a far wider range of values
than would normally be encounterced in aerated flénes.

It iz clear from the preferentizl diffusion factors calculated for
systems using Helium "Air" that preferentisl diffusion of Hydrogen is
relatively wnimportant in comperison with systems using Argon or
Titrogen "Aix", IT would bLe anticipoted therefore that other plienomenn
agsociated with preferential diffusion would show comperable behnviour.
The data presented by lMellish and Linnett (92) of coucentration limits
foxr ?:;,-rii'ogcn-"ﬁ:Lr" and -Deuteriwn=-"4ir" flomes propak-;.-‘mting in tubes using
elium, Argon end Titrogen as ineris suppbr-b tiils suggestion. The

differences vetween linmits for upward and downwerd flame front propagetion

for'the two fuel guses were substantially smeller when Helium "Air' was
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s | Percentage - | Lverage | Maximuan
SIOEPIAGI Hydrogen . |- Die grepancy Digerepancy
] a9 s | (1.
i A .Lll. _'-,.01 l_-t.‘.u 'i’ - ‘r >
! Argon 40 ! 5068 ' T2l
: ! |
! 80 i 16.95 E 3442
. ]
[} | '
:.eliw1 {i.c I 14.;‘7 ’ :)01
! i
i ‘ -~
| o0 I 20.65 i 42,6
.
WO it ) o = I
Table 19 =~ 3Statistical Analysis of data
presented in table lo
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used thon when either of the other "Airg" were cmployed.

4.5 Flane siretch annlysis of Ethylene=Air data

The date ented in CGrophs 9 and 25 has been analysed on a flame
stretell basis and veplotted in Graph u9. Also on this greph are plotted
four other correlatvions for the sene systan
fhese-are:-

(i) The experinentzl data of Edmondson and Heap.
(ii) Reed's genersl correlation - eguation (1.10).
(iii) The oxperimental correlation for the situation in wvhich no
significant preferentisl diffusion will occur (Propane-ﬂir

date obtained in this investigation).

3
(iv) The relationship obtained by caloulating preferential diffusion
factors of Dtlylene and opplying these to equation (4.5).
Curve (iv) provides the closest approximation to the experinental
curve for Ethylene-iir, In its derivation, however, it has been assuned

that equation (4.5) may be used to characterise the influence of

\ro¢crc“t1~l diffusion of fuels other than Hydrogen. This is.-an

sunption clearly open to criticism and would require verification Ly
further invesgtigation. “.e influence that preferential diffusion of
Dthylene will have is comparatively insignificent, however, and may for
most practical applications be 1bnored. Yor this recson, 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.

L]
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4.6 _Composition siudies in stabilising remion of flames

4.6.1 Analysis of concentration measurements and
likelr sources of error

In order to present the concentration profiles of Hydrogen and
Cthylene in a more readily assessable i‘ofm, the following prc;cedttre was
adopted. Fhotographs were taken of the flames used for each study.
Enlargements were produced and from these the locztion of the primary
f%:m, front in the stabilising region could be plotted in relation to
the buf.-:e: as shown on Graphs 70-T5. This enabled lines of constant’
ion to be plotted from Graphs 32-47 and the position of these
could be related to both the burmer and the primary flome Iront.

Three major possible sources of exrror were thought to exist in

(1) In ony method which requires a finite sample to be extracted
from the {lame, there is an inherent lack of resolution. in
this work, o sanvle composition has been assumed to be
repregentative of the point at which the prove tip was
located. In practice, however, it is likely that it will be
repre;.ntative of a point displaced a small distance from the
tip along the flow line on the unburned gas side of the probe.

(ii1) In rezions of high concentration of the species being monitored,
the rate of change of concentration with distance is very low
and thus the location of the lines RIT = 1.0 and &, = 1.0 oxe
likely to be far less z:-.‘ccurnte than tixe_ other lines ol
conagtant concentration.

L ose . 8 . » . A
(iii) The nicro-nanipulotor vernier scale was sub-divided into
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divisions for mezsurement to 0.0001 m only and thus each
concentration measurement has a possible locatvion ervor of

L : . dois
- 0.CC005 ms  These ervors will to some extent be eliminated,

however, by the drawing of ,ﬁooth curves throush the point
conceutration neacurements in the establishing of the overall
concentration profile. This iype of error may also be
mininised by measuring as many point concentrations .for each

profile sg is practically feasible.

4G Intervreletion of Dydrogen concentration isonleth dis-rams

Graph T3 shows that in a stoichiometric Ethylene-Air fleme, the

lines of constant Lihylene concentration lie effectively parallel voth.to
. 14

ecch other and the primery flome front. This i

"

3 typical of the type of
o L

-

L

profile that would be expected using any one component

concentration
fuel-Air nixture il the fuel concentration were monitored. As the fuel
concentration is increased above that of the stoichiometric flame, fuel
will be detected progressively further from the primaxry flame front on
tile burned gas side.

In the Ilydrogen-Fropaone-Air flame, he situation is complicated by
the production of HydrOﬁeﬁ from the thermal cracking of Fropane. This
gives rise to en initielly less 'rapid rate of decrease of Hydrogen
concentration with distance as the primary flame front is approached from
the unburned gos side than might be expected bg comparison with Graph 73.
Cnce the production of Hydro;en by cracking ceases to be significent,
hiovwever, the Hydrogen concentrmtion decreases very rapidly indeed in o
C.0C01 m thick rerion on the unburned gas side of the primary flome
front fo leave unburned only Hydrogen for which there is insufficient

.



(..ygen present for combustion %o take place., The rate of Hydrogen
consuniption is apparently greater than the ocorresponding Sthylene
consumption and this is a reflection on the difference in mechanism of
the combustion chemical reactions for the two gases and the associated
. tenperatures involved.

Preferenticl diffusion of Hydrogen might be expected to show itsell

in two possible woys as followg:-

(i) In the stabilising region of fuel rich and stoichiometric
flomes, thé concentration of Hydrogen in the secondary reaction
zone would be greater than at anf'other point further up the
flame but the some distance from the primory flome front.

(ii) In fuel rich, stoichiometric and fuel lean flames, the o
Hydrogen concentration in the stabilising region pri:wqﬁ
reaction zone would appear to be greater than at a similar
distance from the primary flame front in another part of the
flome., This effect would appear as a kink in the lines of
constent 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 cqncentratidn profiles in this part of the flane

- and the interpretation of the linés of constant concentraiion
within the primary reaction zone is exiremely difficult.

In Grophs 71 and f2, inerenses in fuel conceniration in the

secondary combustion zone of the type described in paragraph (1) exe

- 4.
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In attenpiing to identify profiles of the type described in

b (3

(3

paragrerh (ii) 1% is adviseble to disregurd the lines for RTE = 1.0 fox

-

the Teosons discus:—;cq in section 4.6.1. If this is done there is zone
-c:vidcncc of on apparent deercose in reaction zone thiclimess in the
gtobilising region of =11 three Eydrogen-Propune-Air flemes. This
effect moy be seen more clearly in the 1.0 and 1.2 stoichio;.mtric_‘chan
the 0.9 stoichiometric flame. 3By itself this decrecse in primaxry
recction zone thickuness would not be conclusive, but vhen considered
with the observed increases in fuel concentration in the s‘ecoxid:-e:r_; reaction
sone, provides considerable support for the preferential diffusion

el U3 -
Y POoTIles5ls.
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CONCLUSIONS  AND  SUGGESTIONS
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Hel. Conclusions

1. The flone strebch correlation as proposed by Reed is capable of
predicting the critical bowndary velocity gradient at blow-off of
laminer prenixed burner flanes if 21l of the following pre-requisites
are mebs-
(i) The fuel gas contains no Il:,rdrc;,f;en

(ii) The primary oxident is Air

(iii) The secondary atmospl-:ere is either Air or Nitrogen.
2. The preferentizl diffusion of Hydrogen towards the point of
stebility at the hage of the flame can account for the anomalous critical
flane stretch factor-fuel concentration relati'omhips which are found if

’

Hydrogen is present in the fuel gas.

3. Hydrogen concentrotion profiles determined in the stabilising region
of laminar Hydrogsen-Fropane-Air flames are consistent with the preflerentia
diffusion hypothesis.

4., The prefercntial diffusion factor as derived in section 2'r.1:;.y be
considered as o measure of the degree fo which preferential diffusion
will occur in the stabilising region of a laminar burner flame.

B Preferential diffusion factor has been correlated against critical
flzme stiretch factor for the Hydrogen-Propane-Air system and from this,
equation (4.4) has been derived.

6. It is proposed thoit equation (4.4) mey be used to predict the
influence of preferential diffusion of Hydrogen on the blow-off of any

loninar flame. This equation relates the critical flame siretch factor

to that which might be expected to exist if no significant preferentia



diffugion occurreds There is therefore no reagon to apply tie thr
linitations deteiled in conclusion 1, Yo the epplicability of eguation
(4.4)s This latter point has been confirmed using Heliu;fb;y;en and
Aoy ‘O7ygen mixtures as the primary oxidant and secondary ;tmOJthr

but only when the sane gos nixlure was eunployed in both of thesge functlons.

]
. -

« Preferenticl diffusion of the most nmobile species in the r;ir

-
i
i

fuel-oxidant mixture will alweys occur to some degree but this is
unlikely to influence stability to a significant degree wnless the fuel
iz Hydrocen.

He2. 3u~"ﬂ~tﬂnn" for future work

The suggestions for future work may be cub-divided into two
(1) Vorlk nimed ot clorifying matters which have orisen during
'

(21) Worlk which will cnable the mechanisms governing the blow-off
of burner flomes to he more fully understood ond more
cceurately characterised,

Eo2.1 Tvturs worls raloted 4o thisg investirotion

w

Under the above heading, investigations into the following wonld

freilitnte ~ bebber understending of the limitations of the correlations

-
1

and proposals presented in this disgertationt-

(i) The spplicebility of the preferential diffusion factor concept

to the blow=-off of serated [lames in inert atmospheres.

(ii} Zhe applicability of the preferential diffusion factor concept

1o tie blow-offl of inverted [lames

= Tl

(2i1) Clarificotion of the remsons why the flame stretch correlation



+ proposed Ly Reed is not applicable when the inert constituent of
the 4ir is reploced by one with different physical and transport
propertics.

Nele2 Lonz teri resecrch ovjectives
2 T

Trom the discussion of experimenval results and the subsequent
conclusions it is apperent that Reed's flame stretch theory of blow=-off
contuins assunptions which, when applied to laminar burner stabiliged,
prenixed flomes have proved in_cppropriate in sgme situations. It is
the opinion of the suthor that further attempts to modify the theory
would be of 1little value. In its present form, the original flame
stretch correlation (equotion 1.10) combined with the preferentinl
diffusion fector modification provides a useful method for the prediction
of blow=off choracteristics in most situations encountered practicelly
Only rarely will a situation arise in practice for which this epproach
_é inapplicable.

Long term efforts must therefore be directed towards a more
sophisticcted approach to the problem which would eliminate the necess ity
n :

for the simplifying assumptions of the present theory. The first stoge

in this approach has alrezdy been undertaken by Dixon-Lewis and his
colleagues. The propogation of Hydrogen-Oxygen-llitrogen flames has
already been characterised and this work has been discussed in sections 1
and 4. Such 2n approach must be extended to.more serodynanicelly
conplex gsituntions and more kineticelly complex systens. ,

It is worth vhile noting, however, that the application of
sophisticated computation technigues, which are required for

&

investigetions of this type, is expensive, It is likely, therefore, thaot

127



even when sucli nethods cen predict flame stability characteristics with
considereble ccourzoy, there may still be a requirement for less rigorous
riethods %hich_are ginmple and therefore inexpensive 1o applye

The investigoations discussed in this dissertation have been
confined to premixed flomes leaner in fuel than X = 1,36, the limit
placed by Reed on the applicsbility of equation (1.10)« In practice,
mery burners ore opercted wilh fuel concentrations greater than this
values It is to be hoped therefore that future théories will be
applicable to a wider range of fuel concenirations and possibly even %o

.

ST & NP, S o -
giffusion flames.

Al
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GRAPHS NOS. I-8

CRITICAL BOUNDARY VELOCITY GRADIE:NT 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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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. IO-I2

CRITICAL BOUNDARY VELOCITY GRADIENT PLOTTED AGAINST FUEL
CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING
PROPANE AND HYDROGEN AS FUEL GASES.

PRIMARY OXIDANT: 2I% OXYGEN 79% ARGON

SECONDARY ATMOSPHERE: 2I% OXYGEN 79% ARGON' .
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GRAPHS NOS. I3-IS

CRITICAL BOUNDARY VELOCITY GRADIENT PLOTTED AGAINST FUEL
CONCENTRATION FOR BLOW OFF OF LAMINAR BURNER FLAMES USING
PROPANE AND HYDROGEN AS FUEL GASES.

PRIMARY OXIDANT: 2I% OXYGEN 79% HELIUM

SECONDARY ATMOSPHERE: 2I% 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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BURNING VELOCITY PLOTTED AGAINST FUEL CONCEMTRATION FOR THE ETHYENE-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: 2I% OXYGEN 78% ARGON

SECONDARY ATMOSPHERE: 2I% 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: 2I% OXYGEN 79% HELIUM

SECONDARY ATMOSPHERE: 2I% 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. 36-33 : I.O STOICHIOMETRIC
GRAPHS NOS. 40-43 : I.2 STOICHIOMETRIC
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GRAPHS NOS. uh=47

ETHYLENE CONCENTRATION PROFILES IN STABILISING REGION
OF LAMINAR BURNER FLAME.

FUEL GAS: ETHYLENE

PRIMARY OXIDANT: AIR

SECONDARY ATMOSPHERE: AIR

FUEL CONCENTRATION: I.O STOICHIOMETIRIC
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BURNING VELOCITY (Su) (M/S)

BURNING VELOCITY DATA PLOTTED AGAINST FUEL CONCENTRATION FOR
HYDROGEN-PROPANE-AIR MIXTURES. DATA FOR IO0% HYDROGEN SYSTEM

IS THAT PRESENTED BY DIXON-LEWIS ET AL.
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GRAPH NO. 52

MAXTITUM BURNING VELOCITY PLOTTED AGAINST PERCINTAGE HYDROGEN
PRESENT IN THS FUEL GAS MIXTURE,THE DATA WAS OBTAINED IFROM
GRAPH NO. 49 AND HAS BEEN PRESENTED IN TABULAR FORM ABOVE

THE GRAFH.

of



[PTACTTTAGE HYDROGEN |[FUEL CONCHIITRATION AT FERCRNTAGH FUERL|VAXIMUM BURNING
IN FUEL GAS MIXTURE|MAXIMUM BURNING VELOCITY |IN MIXTURE VELOCITY (1/S)
0 3 E.07 4.50 0.418
20 1.09 5029 0.445
40 1.05 644 0.491
! 60 % 1,06 8.83 0.595
{ 80 T.37 14,95 0.788
90 I1.20 21.00 I.138
95 I1.25 . 26,60 I1.870
100 I1.54 39.30 34640
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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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CRITICAL FLAME STRETCH FACTOR (K )

CRITICAL FLAMH STRITCH FACTOR PIOTTED AGAINST FUEL CONCENTRATION
FOR BLOW OFF OF LAMINAR BURNER FLAM:S USING PROPANE AND HYDROGEN
AS THE FUEL GASES.

PRIMARY OXIDANT: AIR SICONDARY ATIMOSPHERE: AIR
807 =
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FUEL CONCENTRATION EXPRFSSED AS A FRACTION OF STOICHIOMETRIC (X)



GRAPHS NOS, 55-6I

CRITICAL FLAME STRETCH FACTOR PLOTTED AGAINST PREFERENTIAL
DIFFUSION FACTOR FOR FLAMES OF CONSTANT AERATION USING
THE HYDROGEN~PROPANE-AIR SYSTTM,EQUATIONS OF THE LINES
;’FEAVE BEEN COMPUTED BY A 'LEAST SQUARES® PROGRAM AND ARE
INCLUDED ABOVE EACH GRAPH TOGETHER WITH STANDARD DEVIATION

DATA. THSE DOTTED LINES ART 957% CONFIDENCE LIMITS.
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FUEL CONCENTRATION

X =£-0.9

FIAME STRETCH FACTOR (K )

CPITICA

r
L
st e AT

0.CT

BREFURIGTT

0.02
IAL DIFFUSION FACTOR (F)

GRAIH 10, 57

0.03

0,04




)

10

‘0

89 "ON H4ViD

(d) ¥OIOVI NOISNIIIA "TVIINTIIITAd

- €0

‘0

¢0°0

0L =X
NOLLWIINIONOD T3Nnd

AUt

( hZ0I'0 =

d 9°8¢t

R LIE°0 3

0)

A

75 )
o

o
=

8T®0s For= ( ) MOIOVH HOLVMIS HWVIA TVOLLIVD



65 "ON HdVHD
(3) YOIOVI NOISNIJIIQ TVIINIIIITId

50°0 t0°0 £0°0 20°0 10°0 0
§2°0
§*0
\\\
r
II.\ -
Wy, 0°'I
~
I'I =X
NOLLVINIONOD 13nd
52
( L80'0 = * o)
2 €86°0 = X

N

o708 J0T= ( ) MOIOVI HOIHUIS SVLd TVOILTHO



09 “ON HdVdd
(d) ¥OLOVJ NOISNIJIA "TVIININIITdJ

$0°0 £0°0 . £0°0 20°0 10°0 0

¢'I =X
NOLLVIINIONOD Tani

0°S

u
¢ nmso0 = ¥ "l

eT®0s SoT= ( M) ¥OIOVA HOIWYIS “WVId TYOILLIHD



IS "ON HdV¥D

(1) ¥OLOVA NOISNIJIA TVIINTIIIRI 7
h0°0 £0°0 200 107

)
-
o~

€T aX
NOIIVYINIONOD Tani

o
w

1
A hﬂb

( 1BEO'0 = )

rw Ntmm 9 hmOoH = M

oTeos 80T~ (,}) UOIOVd HOIGUIS HWVII TVOILIUD



PARAMETER C IN BEQUATION 4.2 PLOTTED AGAINST FUEL CONCENTRATIONe

VALUIE* OF C OBTAINED FROM GRAPHS NOS. 55-6I.
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FUEL CONCENTRATION EXPRESSED AS A FRACTION OF STOICHIONATRIC (X)
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CRITICAL FLAMS STREICH FACTOR I'LOTTED AGAINST FUEL CONCENTRATION
FOR BLOW OFF OF LAMINAR BURNER FLAMES USING HYDROGEN AND METHANE
AS THE FUEL GASS,

PREDICTED | VALUES 79,97
¢ 56,I% METTANE 43,95 HYDROGEN
® 36,I% MATEANE 63,9 HYDROGEN
o 20.1% NETJAIE 79.9%¢ HYDROGEN
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O
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CRITICAL FLAME STRETCH FACTOR (K )
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0.75 1.0 1.25
FUEL CONCINTRATION HXPRESSED AS A FRACTION OF STOICHICMETRIC (X)

AT ATIYTT AT ey |




CRITICAL FLAME STRETCH WFACTOR

‘LI
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LOTTHD AGAINST FUSL CONCEINTRATION

ILOW OFF OF LAMINAR BURNER FLAMES USING PROPAN™ AND HYDROGN

.".L:.; ?‘-U :Ix G.l‘.S]-')S.

2.0

PRTIMARY OXIDANT: 2I’,“-.'= OXYGEN 79’_' ARGOW
SECOINDARY ATMOSIHERE: 21% OXYGIaT 79‘/5 ARGOW
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FUEL CONC NTRATION EXPRESSED AS A FRACTION OF STOICHIOMETRIC (X)
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GRAPHS NOS 66-68

CRITICAL FLAMS STRETCH FACTOR PLOTTED AGAINST FUEL CONCENTRATION
FOR BLOW OFF OF LAMTNAR SURNFR FLAMTS USING PROPANE AND HYDROGEN
'AS FUEL GASES.

PRIMARY OXIDANT: 2I% OXYGEN 79% HELIUM

SECONDARY ATMOSPHERE: 2I¢% OXYGEN 79% HELIUM



GRAPH M0, 66

FUEL GAS:
10075 PROPANE

GRAPH NO. 67

FUEL GAS:
6075 PROPANE
4G5 HYDROGEN
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GRAPH 10, 68

FUEL GAS:
20% PROPANE .
80% HYDROGEN
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FUEL CONCENTRATION EXPRESSED AS A FRACTION OF
STOICHIOMITRIC (X) *
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CRITICAL FLAME STRETCH FACTOR PLOTTED AGAINST IUSL CONC NTRATION
FOR THE ETHYLENE-ATR SYSTHM.

PRIMARY OXIDANT: AIR

SECONDARY ATIOSPHERE: AIR

ey EXPERTIMINTAL CORELATION
e R CORELATION OF EINMONDSON AND HEAP
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GRAPHS NOS. T70-73

HYDROGEN CONCENTRATION PROFILES IN THE STABILISING REGION
OF LAMINAR AERATED BURNER FLAMES,
FUEL GAS: GRAPHS T0-72: 60% HYDROGEN 405 PROPANE
GRAPH 73 : I00% ETHYLENE
PRIMARY OXIDANT: AIR

SECONDARY ATMOSPHERE: AIR



0.00T 1.

/

l
| ' PRIMARY FLAMNE FROWT

«© (=]

.

\\\

gL

TS0

//// A

BURNER,

CONC ITPRATION PROFILES OF HYDROGEN IN STABILISING REGION OF 0.8 STOICHIOMEIRIC

FLA02, CONCENTRATIONS EXPRESSED A5 A FRACTION OF THE UNBURNED GAS CONCENTRATION,
FUCL CAS MIXKTURE:- 60% H, , 40% CH

' GRAPYT 10. 70



O . OOI I'I‘-
———e — -l

PRIMARY FLAME FRONT

1.0

e

BURUNER,

CONCINTRATION PROFILES OF HYDROGEN IN STABILISING REGION OF I.0 STOICHICMETRIC
FLAME. CONCENTRATIONS EXPRESSED AS A FRACTION OF THE UNBURNED GAS CONCENTRATION,

FUEL CAS MIXTURE:- 60% H, , 40% C H_ ' .

GRAPH NO. 71




0,001 I.

:f PRIMARY FLAMZ FRONT

'\..._____...--""'-' I-O

BURNER.

CCIICIITTRATION PROFILES OF HYDROGIQ! IN STABILISING REGION OF 1.2 STOICHI

CICHICM STnlcC

FLAYE,COLCHITIRATIONS EXPRESSED AS A FRACTION OF TIE NBURNED GAS CONCITRATION,
o~ e 2 1 o :
FUZL CAS MIATURE:= 60% ,"'.2 s LO% C:j'!{a

GRieh Nou 72




0,001 H.

Y

l PRIMARY FLAME FRONT

/

I
H I w0 o

) 5

& % a4 74

BURNER.

nnnnn

1.0 STOICEIOMETRIC ETHYLENE-AIR FLAME. CONCENTRATIONS EXPRESSED
AS A FRACTION OF THE UNBURNED GAS CONCENTRATION.

GRAPH NO: T3




Appendix 2.

A QUANTITATIVE ASSESSMENT OF THE
MAXIITI ERRCRS WHICH MAY  ARISE

FROM TIE EXPIRTIENTAL TECHNIQUES  USED.



Appendix 2a g

A guantitative assessment of the maximum errors which
mey orise from the experimental techniques used.

The method used has Leen degcribed by Jensen and Jeffreys (.&2.1) .
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.

£2.) Flow metering.

A2.1.1 Correction of indjcated flow rate to temperature and
sregsure at the outlet of a variable arees flow meter

Bquation (3.2) states as follows:-

A 1
2 ot E.:_L. & (3.2)
@ Py .

This equation may be rewrittens-

4 T Ty g 1 P

2 » 3 . 1 ¢ % :
il W, and p, reler to the flow meter calibration and W~ is a constant,

it Tollows that for any specific indicated flow rate

Sl S
e S U (4 2.2)
pdl/z :
3 FEA g § 5
vwhere V™ is a constant incorporating %o and ‘,'12.
&
iTow p o ) 4
and & 1
-
Therefore Q

: 1 ; o Y
s 1hlllg,ll /2 i ‘a:{:f_ll}”Z (I\E.;’} '
T i3 :
where W 12 a constant
Partinlly differontiating equation (A2.3)s-

: 33 g LR



o

b

ral=
!l-‘
o~
ll—-"
~

5'—";‘ = WO -5k (a2.5)
- L
It may Ve shown that Q = Q (2,T)

g} e ? ar MR- .

5 '5‘%‘ v + o7 (A2.6)
If Pond 7T are small it follows that

& = 20 .87 27, 87

s (42.7)

where O = error in flow measureuent arising from errors in pressure
measurenent (8P) and temperature measurement (&I).
Substituting into equation (A2.7) from equations (A2.4) and (42.5) and

dividing throughout Ly C 4 the following equation is obtained:-

OLE0 L s Ll [on 52 (42.0)
2. p %y it
oy
(i) EBvaluation of OF
e
g : I A et 3
laximun error in water manometer reading = - Q0.1 rnm.Hg.
ML o Sty I o i
Ilaximun error in berometer reading = = 0.05 mmn.lg,
. = . ! g g 5 : &
.o Total maximum error in pressure reading = ~ 0.15 mm.Hg.
&1 + 0.1 Ry
SIS R g R
2 {00
s 2N wn e 67‘
(ii) Bvaluation of OT
T
Y
VAT A ! " o S 0
Ilaxinmum error in thermometer reading = « 0.05°C
o1 b + 0.05 ’ S i f
T % 5 '2'?}")‘ . X 10055 - = 0.01T
o -

Substituting from (i) and (ii) into equation (A2.8)

[ - + %
= = 1 (o7 Zo0.02)5
Thig has a mexinum value of

§-* = & 01854



A2.1.2 Correction for change of temperature and pressure
of pas during passare between flow meter and burner

It is already known that @ = a(p,T)

by the gas lawg it follows that Cl o« - (g'.‘_)
. I:

It nmay then be.sghown ‘that

&y UnLEL 81 33
Q - T 4 P (32'9)

The values of QE and OF evaluated in section A2.1.1 will be applicable
T >

to this correction also

e : o + ’
§—.¥ = (= 0,017 - 0.02)¢
This has o meximum value of ! ’
& + ’
-.6._.4 = - 0.03 T: y

L

A2.1.5 Addition errors arising in flow metering

(i) Maximum error arising in reading flow meter scale = 1/4 division

o) + 0.25 ) + 5
T e el X GO0k = o 01

(ii) laximum error arising in reading of calibration chart
= 1/5 division

+

02

+

Q._'l: =t t 0'2
Q 1C0 ?

A2.1.4 Total maximum error

The maxinum error from the different sources detailed in seciions
A2s1leley £2.1.2, and A2.1.) will be the swi of the individual maximum

values

3 o - ;
e )3 e = = (0.2 + 0.5 = 0.037 5 0.0185)¢!
&= + 7!
- 0.750C5



This mokes the basic assunption that the calibration chart is correct
A.n identical set of errors will have been intfoﬁuced, however, during
- the production of the calilbration graphs énd an additionul 0.06;: error
will have been introduced by the use of the stop watch. The correct

noxinum flow netering error will be given by the following expressions-

_.........-. — ¥ : + o + 2
(§')329' imum - (2X 0.756 - 0.08)3%5 - = 1.5

-

A2.2 BEvaluation of fuel concentration as a fraction of stoichiometric

X o W 0 Q
+
e s 4 (42.10)
%
where Qs Uy = Volumetric flow rates of component
il 4
fuel gases
wp - Volumetric flow rate of Air W7
W = Constent (stoichiometric ratio)

It may be shown that

Q O A \
& = iy & i e “A (A2.11)
X i) ) 5 0
g S Bt o A
Trom section A2.1 it follows that
30 3 s oo 1
S i SOy L 1.5%
N C x
H P A
. S_H + 6"-',1-. 4o .
L » ] re’
’ n .J‘J
o 10 THREE “P
¥ (5.._) : + - S DA
Xliaxinun = (1.5 # 1.5)% = = 35.0%
A2.7 Dvaluvation of criticzl boundary velocity gradient
Squation (3.5) may be rewritten as followst-
oh = W )
€ @ v & + Q) (42.12)

R)



W = Constant
; R = burner radius
It nay be shown that
&b . 9% + 0% . 59
&b U o+

3y a similar argument to that presented in section A2.2 it follows that

52
B +

R

N

g (A2.13)
oy

SQ,P % SQ,.

43

surenent of the

&1

8
R

+
-+

. 1n5}.'

% +

%A

burner internsl diameter

(l"-gllf:l}
d
g
The naximun error arising from the internal diameter measurement = 10™“m,
~ &R i
.8 - =k i s -
32 ome 11072 wygn) oS wia Dl andt
1.54 X 1077
Substituting in equation (42.13)
205 + -
(—u—s) =S a (g s
gb [ Moximm
A2.4 Surning 1

- & EE

velocity determinntion

- -2 & L d
Equation (3.7)states as followss-

Lt e
3 X 0.6595 ° = 3.50

Su = Q (347)
A
It may be ghowm that
SS'L'L SH\ SA.
b = T - El (42.15)
oW A . 2 me r"iz r, + Thal+ Wy (z )
{= 1 5 n-1 1
F1 2
- P
12



The maximum error in the evaluation of L may be approximated
by equation (A2.17)
) o0 br
— = P + —_ A

Maxinmum error in evaluation of a = 10-5111

.
s L T 2 ; - ",
g‘:—‘ = T x 1008 = Iy

laximun error in evaluation of r (average value) = 10™n

. $ : -4
e i 4 — + 10 ! v ) P
o g X 100% - 1%
10
- - \ . P = + »
Prop equation (42,17) Moxinum error inX = 8X B - 2%
iy p : it SR D
Haximum in SR SRR Y 8__2 - 8__@_ (42.19)
b . D d
P
vhere DP = Burner dizmeter measurement on photograph
o D + 1074 o "
oo lloximum 3 “P el - = o & 1009 =  0.5%
D 2 X 10
x .
From section A2,5 6d i Frio s
—a——' = - Onu)p}
i - i o8 Lo ] ﬂ\ | .- = .._" e + I"‘"
Prom equation (.-u..lu, the llaximun value of 87 = - 14155
T
t nay be shown from equation (1’;291-5) that
A !
SIS R 7 (42.19)
A z F >
the llsximu volue of $4 s < T Yot eIy =
T S - (2 -2 X lal)}}J it 4.3:(

e v Lipdy AT Gl

L

Jefron equation (A42.15) ( &3u )
Su/ lMaximum



42.5 Zvaluation of critical f{lame stretch

factor

— —

ik

it noy be sgliown that

R TR

-

Q) : ! £ : :
=== a:1d =5= have been determined in

~,
e 2Ll
8§«
1s el )
N
Myl S T
APPeliis ~ 8

S
.

B

£

e L] =

This is not wnreasonable as the deviation

S T ek
respect ig onall,

it follows therefore that

( S%% ):u;iL¢?1 =

bk

PCo Su

2

&0 4 8k
) k

&P
P

t+ t¥
Ly

. : L . g W
may be as much as = 12: and this is d

For the purpose of this culculation it will be

R{EPAL Y B VA

- d
31 e 57

asswued that

sections A2.7 and A2.4 .

iscussed in more detail in

from ideality in this



e, e

S
qAL 2 LR
T

Sumnary of Appendix 2

Payameter ' IIIMLE_H;% g
Tolwnetric i‘low. abe (C,J,) RN
Tuel concentration (X) 340
Critical boundary velocity gradient (gb) 345
Turning velocity (Su) 6.0
Criticel flame stretch factor (XK) 31.5 I

The figure quoted for the third, fourth and fifth parameters listed

anove do not toake account of errors arising from no correction having

been

made for fluctuations in the temperature of the unburned pases. The

influence on critical boundary velocity pgradient and burning velocity 461

the unburned gns temperature has been studied by 2 number of workers

(A2.2.4 A2.3., 42.4) 2lthough not for the gas mixtures studied in this

inve

E o
wlls

T A &
gele

sbtigations It is receasonable to conclude that the inaccuracies from

ource are unlikely to give to an inaccuracy in critical flame

0

»

+
ch fector of more than an additional = 3%,
: /

Pefererces
A2.1 Jensen, V.C., Jeffreys, G.V., llathematical lMethods in Chenical
Dnr-ineerines. Accdemic Freos 19675
Zngineering, Academic Press QBB Fe |
A2,2 Dugrer, Gesle., llat. Advigory Comm. Aeronaut. Tech. ote 2170 (1950).
ol ] ] LAY
AE.-’: C—I’l‘.l':ler, J.’ ‘:I:.!.ITiS’ IIan’ JoITI.d. Lr: EI‘L{;. Chemn -4.:‘. ’ 2424 (1954)0
A2.4 Duggery GeL.y Weast, G.R., Heimely, S., J. Ind. & Eng. Chem,

4T » 114 (1955).



Tk

GALCULATION COF PAYSICAL ANWD




! o wn e Y P A e ey Y e o & o

eoleculation of physical and transport properties
Sy [ et ST LR T U | Sl I bt

of multiconponent gos mixtiures.

25«1 Densily and specific heat

gities and gpeciflic heats of multicomponent gas mixture were

determined assuming ideal

y, ot o~ e .
i componenv gag

Cp = nmolal specific heat.

J
- -

It was felt that the errors arising from the assumption of ideal

-

behaviour would be small, an opinion expressed also by a muber of

other authors.

o o

Aj.2 Thermal conductivity

For the purpose of the calculation of thermal conductivity, the

Wassil jeva equation was used in conjunction with the Lindszy and

(S s 2 g
“nmixture $=1 1 el (A e :
ik A, ":'"
. ke .
rles NS
5 o
= S_; 7 - :‘J--
3y piy PG b= Y29 S f1 1wl
where f = o= + —— - sl
where AT Vi [ 1 M - =
= : L B A | B D T
) =
. N
(;&: .f-:




and Sip = (8..8,) Y2 for non polar guses (A5.5)
L I | i
S.. = 0.753 (8,:8,)Y2. for polar gasss (A3.6;,
i3 PO |

$# = vigcosily of pure component gas
3

. = DButherland constant for pure component

Sij = Butherland interaction constant
S, = 1.5 T3, (A5.7)
i L] . :
P - mYa — 1. o E 4 fir 2 i L 4 vy - - L 0"\
where 3, = boiling point of pure component i ("X), 8.,

hiovever, is desipmated as equelling ") I

where equation (A3.7)predicts o value lower

i1 order fo test the vccurccy of this method of thermal

conductivity CLOI-“I’L.“ tiolly & study has been made of the T rdroren=
’

T N7 Ve ASaa aarpydme » a4
LT PCXIC=20 LT Ly o vl Ay

(6]

3 y Sarkar (A3.1). He has reviewed the prediction
netliods avoileble and has cerried out experimentcl determinations using
the hot-wire method first devised Ly Andrews (A3.2). A cox:a;rr-.;..risor. of
predicted and experimentzl values shows that in most coagses the

epoerimental volue vas rrec.ter than the pl‘ealcwd values sometimes by

os mich as 119, Sarlkaxr *OuOd discrepancies as high as 2\.}\,; but only in

"l

nixtures wiiich could not be uszed to sta bilise o laminaxr flane. Thus &
¥ + ’ Z ¥ ats

neximet error of - 12 has been used in Appendix 2 for assessment of the

naxinum error in critical fleme stretch:factor determination.

A%e) Yigcosit ol

The method of Willie has been used to predlc’c viscosities of



milti=-component gos mixtures.
- (&)

Prixture o v (45.8)

.
I

<
H

’ 2vZ (a0 _3)1/2 (43+9)

+ ’ hE2s Bad
wccuracy of = 2.09: for this method.

Wilke hag claimed an ¢
AS.4 Diffusivity
Decause o sinmple method of preferential diffusion factor

czlculaetion was required, the diffusivities used in these calculationd

ke Ys

were binary coefficients of the molecular species in question in the
anpropriate "Air". In all cases, the latter congtituted more than 8Cf.
£ gl & 9 i

of the unburned ges mixture ond so in the circumgtonces the assumption
vas not wnreasonable.
Binary diffusion coefficients were calculated by the method of

Gilliland znd llaxwell
Y =
0.0043 T 1°’(.—:1- -

Di = 3 it
iJ 1 :
43.10)
18 1.2 ( ;
Vs 5 - . ;
PV A v 5)
P is measured in atmospheres
X is measured in deg.K.

Vi = nolecular volume of component i which may be approxinated
by the appliention of Kopp's law of additive volumes

o
D..® binary diffusivity measured in cm“/ Se

i



The alternative method of Wilke and Lee based on the worl: of
Hirschfelder, Bird and Spotz wap considered for possible use.. Perry

A3.3) has compered the accuracy of the two methods as follovss-

-
¢ S
rethiod Deviation (=5
Heth Average Maxinum

Gillilond et al

4

Wilke et 2l

|
;
P !
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-

FPerhiaps a more useful comparison has been made by Jacobs and Peeters

(L3.4) 2nd some of their results are included in the following tobles-
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z i i
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J. 3.‘0 r ""'J" ik 4J- 1 L= OC i T L ll [ : :
Propone/ u::"l en ¢ Q.08815 | Cel1148 ; !
‘ ] i .
I'”L oL e},u‘l* : Cﬁl:l)E : ﬁoT 04 : CO\.[‘-} I
: ta : g ! SRy * -
llethone/COxygen | 0.1.805 1 042662 ! !
s / | 8 ; - ; I
Jthylene/Alr 01335 t 001035 : !
. . L]

ki ! L] ~ . fodl ] 1 -~ o 4
Jatexr/Air 0.207 : 0.2597 : Qe2435 1
. .
, - ot I 5 ]
u.*u"‘l", | Fren l C.?C 21 [ 0.2»'-1&; : '
e -4 3 !

From biis table it is apperent thaet the values predicted by the nethod
of Gilliland et a4l arce generally smoller than those predicted by that
of Wilke et al., The discrepancies between experimental and predicted
values correspond closely to the average values quoted by Perry., Cleoxly

.

the nethod of Wilke et 2l provides more accurate results but is niore



conplex to applys The u:';e of Gillilend's method would provide vzlueg
of prei‘éren{;ir‘.l diffusion factor of compaorable acecuracy to that %o
waicii critical flanme strelich factor can be detemnined and is therefore
sotisfactory for use in this investigation.
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ANALYSIS OF A TYFICAL SET OF BLOV-OFF

DATA TR A HYDROGEN-FROPANE-AIR IIXTURE,




Appendix 4.

Analysis of a typical set of blow-off data for a

Evdroszen-Propane=Air mixture.

Ad.l Experimentel readings

Tie following experinental readings were obtained in the manner

described in section 3.

. . lr
.R'J.n 0e il s /U
Date s=  12-T«T1 :
Indicated Atmospheric Pressure i

Corrected Atmospheric Fressure i

Burner Mo. HE 1
Lir flow t= Flow neter No. . 3
Reading ye=
s Cutlet Tressure =

Data Set 1io.

762,80 mm.Ege.

T60.10 mm.Hg.

Cutlet Temperature :-

Propene flow : t- Flow nmeter ITo. g
Reading 1=
Qutlet Pressure ‘-

Outlet Temperature :-

Fydrogen flow t- Ilow neter lo. t-
: Reading e
OQutlet Pressure HE

Cutlet Temperature s=

L5 ]

inal gos temperature e 22.500

Fron the {low meter celibration charts the following flow

indicateds-

Adr 1= 3,085 1./min,
Tydropen 3~  0.1263 1./min.

Propane 3=  0.,0842 1./min,
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or thé 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 lenguage was Algole The first of
.thesc (P1) epplied@ the relevent equations to oblain the corrected ges
flow rates for the conditions at the burner inlet. The second (F2)
calculated critical boundary v;zlocity gradient, Reynolds llumber,
physical properties, fuel concentrations etc. from the corrected zas
i‘lom-.'r ratves and the burner diameter. The printout from the gecond of
these progremg for the data pregented in section M.,Z_L is given in

Fic, Adil.



=

MOLE FRACTION AIR 0,9366

MOLE FRACTION HYDROGEN - 00,0331

" MULE FRACTION PROPANE 0,0253
FRALTICN OF STOIC .ﬂ.?éﬂ
THEANAl CoucloT Iy 0.039052 W/M SQUARED DEG C
DENSITY 1.161736 KG/M CUBED
BOUNDARY VELOCITY GRADIENT 2388, 89 /8
SPECIFIC HEAT 1074 ,3647% J/KG nEé £
MULE PERCENT;GE HYDROGEN IN FUEL 0.6004
HYDROGEN FLOW T 2.07666666678 =6 M CUBED/S
PROPANE FLOW 1,38200000008 =6 M CUBEP/S
AIR FLOUW 5,11166666688 =5 M CUBED/S
VISCUSITY 0,000018557 K S/M _sauaRén
REYNOLDS NUMBER ?0%.0??

PRINTOUT FROM COMPUTER PROGRAM P2 FOR DATA PRESENTED IN SECTION A4.I.

FIG. A4.I



PROGRAM PI

'BEGIN' 'COMMENT'BIZLEY?CEPSFOI6,ZFLOWCALC;
'INTEGER'N,M,R,S;

'REAL ' ROTEMP ,PRESS,ATMOS ,P ,FINTEMP ,CORR,F ,NEWFLOW;
R:=03
© §:=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; 7

ROTEMP:=READ; - (Flowmeter outlet temperature)
ROTEMP : =ROTEMP+273.0;

F:=READ; (Indicated flow)

CORR:=F* ((760.0*ROTEMP/ (2 91.0%P)) '**'0.5);
FINTEMP:=READ; (Burner inlet temperature)
FINTEMP:=FINTEMP+273.0;
NEWFLOW:=CORR*ATMOS*ROTEMP/ (P*F INTEMP ) ;
OUTPUT(NEWFLOW);

NEWLINE(2);

M:=M+I;

‘IF'M'GE'N'THEN' 'GOTO' THIRD;

'GOTO'SECOND;

THIRD:R:=R+I;

NEWLINE(5);

'IF'R'GE'S'THEN' 'GOTO'FINISH;

‘GOTO'FIRST;

FINISH: 'END"';

PROGRAM P2

'BEGIN''COMMENT‘BIZLEY ,CEPSFOI6,ZANALYSIS;
"INTEGER'N,M,R,S;

'REAL'VPC,VAC,VHC,VASTOIC, X, KM,KONE ,KTHO, KTHREE ,AONETWO ,AONE THREE ,ATWOON
E,ATWOTHREE ,ATHREEONE ,ATHREETWO, T ,MUONE ,MUTWO ,MUTHREE, SORE ; STWO, STHREE , S
ONTNO,SONTHREE,STHTHREE,YONE,YTHO,YTHREE,VOL,NONE,NTNO;NTHREE,PRESS,DENS
,DIA,MASSAIR ,MASSHY ,MASSPRO,BOUN ,SPHT ,SPHY ,SPAIR,SPPRO,PERC,FIONETWO,FIT
WOONE ,FIONETHREE ,F ITHREEONE ,FITWOTHREE ,F ITHREETWO,MUM,RE ;

R:=0;
S:=READ; (Number of sets of data)



FIRST:M:=READ; (Number of blow-off determinations per set)

PRESS: =READ; (Atmospheric pressure)

DIA:=READ; (Burner diameter)

N:=0; _

EXECUTE:T:=READ;T:=T+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 : =347.7; %

YTHREE:=VPC/VOL;.

KTHREE : 0. 00000038* (T'**'1.79) ;

MUTHREE : =0.00I47+(0.0000223*T) ;

WTHREE:=44.0;

RESTART : YONE:=VAC/VOL;

YTWO:=VHC/VOL;

SONE:=79.0;STW0:=79.0;

KONE:=0.000I135*(T'**'0.859);

KTW0:=0.000902%(T'**'0.839);

MUONE : =0.0054+(0.000042*T) ;

MUTWO:=0.00313+(0.0000I935*T);

WONE : =28.8;WTW0:=2.0;

SONTHO: =(SONE*STWO) '**'0.5;

SONTHREE : = (SONE*STHREE ) '**'0.5;

STWTHREE : =(STWO*STHREE ) ***'0.5;
CALCULATE:AONETHO:=0.25*(I.0+((MUONE/MUTHO)*((MTNOINONE)'**f0.75)*(1+(50
" NE/T))/(1+(STWO/T))) ' **'0.5) ***2,0%( (I+(SONTHO/T) )/ (1+(SONE/T)));
AONETHREE :=0.25% (I.0+( (MUONE /MUTHREE )* ( (WTHREE/WONE ) ****0.75)* (14(SONE/T
))/(1+(STHREE/T))) '***0.5) '** 2, 0% ((I+(SONTHREE/T))/ (1+(SONE/T)));
ATKOONE : =0. 25% (I, 0+( (MUTHO/MUONE )* ( (WONE/WTWO) ****0.75)* (I+(STWO/T))/(1+
(SONE/T))) '**'0.5) ****2 0% ((I1+(SONTHO/T) )/ (I+(STHO/T)));

ATWOTHREE : =0.25%* (1. 0+( (MUTWO/MUTHREE )* ((WTHREE /WTWO) '**'0,75)* (I+(STWO/T
))/(1+(STHREE/T))) ' **'0,5) '**'2 0% ((I+(STWTHREE/T))/(I+(STHO/T)));
ATHREEONE : =0.. 25* (1. 0+ ( (MUTHREE /MUONE )* ( (WONE /WTHREE ) ****0. 75 )* (I+(STHREE
JT))/(1+(SONE/T))) ' **'0,5) **'2, 0% ( (I+(SONTHREE/T))/(I+(STHREE/T)));
ATHREETWO:=0.25% (I.0+( (MUTHREE /MUTHO)* ( (WTWO/WTHREE ) ***'0,75)* (I+(STHREE
JT))/ (14(STHO/T))) " **'0,5) " **'2 0% ((I+(STWTHREE/T))/ (I+(STHREE/T)));
EVALUATE : KM: = (KONE/ (I+( (AONETWO* (YONE/YTWO) )+(AONETHREE* (YONE/YTHREE))))



)+(KTHO/ ( 1+( (ATHOONE* (YTWO/YONE ) )+ (ATWOTHREE* (YTWO/YTHREE) ) ) ) ) +(KTHREE /(
I+( (ATHREEONE* (YTHREE /YONE ) )+ (ATHREETHO* (YTHREE/YTH0)))) ) ;
KM: =KM*1.731;

WRITETEXT( " ('MOLE%FRACTIONZAIR')');

SPACE(5);

PRINT(YONE,I,4);

NEWLINE(2);

WRITETEXT( " (*MOLE%FRACTION%HYDROGEN')');

SPACE(5);

PRINT(YTHO,1,4);

NEWLINE(2);

WRITETEXT( ' ( *MOLEZFRACTION#PROPANE')');

SPACE(5);

PRINT(YTHREE,1,4);

NEWLINE(3);

WRITETEXT(' (' FRACTION%OF%STOIC')");

SPACE(5);

PRINT(X»3,3);

NEWLINE(3);

WRITETEXT(* (' THERMALZCONDUCTIVITY')');

SPACE(5);
PRINT(KM,3,6);SRACE (1) ;WRITETEXT( " ( *W/MZSQUAREDZDEG%C' )" );
NEWLINE(3)3

MASSAIR: =YONE*28.8/ (YONE*28. 8+YTHO*2. 0+YTHREE*44. 0) ;
MASSHY:=YTWO*2,0/ (YONE*28. 8+YTWO*2. 0+YTHREE*44.0) ;
MASSPRO: =YTHREE*44.0/ (YONE*28. 8+YTWO*2, 0+YTHREE*44.0) ;
DENS :=(YONE*28.8/22400. 0+YTW0*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 (1) sWRITETEXT (" ('KG/M%CUBED')");
- NEWLINE(3);

VOL:=VOL*1000.0/60.0;
BOUN:=4.0*VOL/((22.0/7.0)*((DIA/2.0)'**'3.0));
WRITETEXT (' (*BOUNDARY%VELOCITY%GRADIENT')");

SPACE(3);

PRINT(BOUN,6,2) ;SPACE(I);WRITETEXT('('/S')"');
NEWLINE(3);
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.
00I4I3*T-(0.0807'10'-7.0%(T'**'2.0))))/28.8;

SPHT : =MASSHY*SPHY +MASSAIR*SPAIR+MASSPRO*SPPRO;
SPHT:=SPHT*1000.0%4.187;
WRITETEXT(' (' SPECIFIC%HEAT')');

SPACE(5)3
PRINT(SPHT,6,4);SPACE (1);WRITETEXT (" ('J/KG%DEGC')");
NEWLINE(3);

PERC:=VHC/ (VHC+VPC) 3 |
WRITETEXT(" (*MOLE%PERCENTAGE%HYDROGEN%IN%FUEL')");
SPACE(5);

PRINT (PERC,3,4);

NEWLINE(3);

VPC:=VPC/60000.0;

VAC:=VAC/60000.0;

VHC:=VHC/60000.0;

WRITETEXT (' ( *HYDROGENZFLOW')')3

SPACE(3);
PRINT(VHC,0,10)3;SPACE (I);WRITETEXT (" ('M%CUBED/S')");
(EWLINE (2)3 '
WRITETEXT (" ( 'PROPANEZFLOW')');

SPACE(3);
PRINT(VPC,0,10);SPACE(I);WRITETEXT( " (‘M%CUBED/S')");
NEWLINE(2);

WRITETEXT (" (*AIRZFLOW')*);

-

SPACE(3);
PRINT(VAC,0,10)3;SPACE(1);WRITETEXT (' (*M%CUBED/S')");
NEWLINE(3); \

FIONETWO: =(I+( (MUONE/MUTHO) '***0.5)* ( (WTWO/WONE ) ****0.25) '**'2.0)/((8.0"
*% 10, 5)% (1+(WONE/WTHO) ) '**'0.5);

FITWOONE : =F IONETWO* (MUTHO/MUONE )* (WONE/WTWO) ;

FIONETHREE: =(I+( (MUONE/MUTHREE ) "** ' 0.5)* ( (WTHREE/WONE ) '** '0.25) ***'2,0)/
((8.0'**'0.5)* (I+(WONE/WTHREE)) '**'0.5); |

FITHREE ONE : =F IONETHREE* (MUTHREE/MUONE )* (WONE /WTHREE ) ;

FITWOTHREE : =(I+( (MUTWO/MUTHREE ) '**'0.5)* ( (WTHREE/WTWO) '***0.25) '"**'2.0)/
((8.0'**'0.5)% (I+(WTHO/WTHREE) ) '**'0.5);

FITHREETHO: =F ITWOTHREE* (MUTHREE /MUTHO)* (WTWO/WTHREE ) ;

MUM: = (MUONE / ( I+F IONETWO* (YTWO/YONE )+F TONETHREE* (YTHREE /YONE ) ) )+(MUTWO/ (1
+F ITWOONE* (YONE /YTHO)+F ITWOTHREE* (YTHREE/YTWO) ) ) +(MUTHREE/ (I +F I THREEONE*



(YONE/YTHREE )+F ITHREETWO* (YTWO/YTHREE) ) );
MUM: =MUM/1000. 0;
WRITETEXT('('VISCOSITY')');

SPACE(5);3

PRINT (MUM,I,9);SPACE(I); WRITETEXT('('N%S/M%SQUARED')');
NEWLINE(3);

RE: =VOL*DENS*28.0/ (DIA*MUM*220000.0);

~ WRITETEXT('('REYNOLDS%NUMBER')');
SPACE(5);

PRINT(RE,5,3) ;NEWLINE(3);

TERMINATE :N:=N+1;
"IF'N'GE'M'THEN''GOTO' TWO;

'GOTO'EXECUTE ;

TWO:R:=R+I;NEWLINE(8);
'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) .
k
ke EX oz B9 g1+ 1)e)
ple isn Su
for x<1.36 (i)
where K = flame stretch factor :
gb = critical boundary velocity gradient
n, % preheat zone thickness
p = densi
c_ = specific heat
E = thermal conductivity
Su = burning velocity
x = fuel concentration expressed as a fraction

of stoichiometric

« 0 for flames with a primary reactlon zone
only
= 1 for flames with both a prlmary 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

through the flame front.
stabilising region of a laminar aerated flame.

lines diverge from one another while passing
Such a situation exists in the
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 i

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.

e : ;



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

v Repots Hie T PoNte
n Su2 n_Suf |n_Su
o : o o (ii)
I 3 B
4.0 E ] ! ot

5.0

Lo

Flame Stretch Factor (K)
\sl

Fuel Concentration (x)
Fig. 2. Flame Stretch Factor - Fuel concentration correlations
for fuel gas mixtures containing 20, 40, 60, 80 and 90%
Eydrogen



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 a@s 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, 4O, 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 relatlonshlp in
equation (iii)

X = Ki ¢CF

0.7<<x <1.3 (iii)
where K® is the flame stretch factor determined experiment—
ally for the situation in which nc preferential diffusion is
eypected and C may be expressed empirically as follows

2.64
C = 38.6 + (1-=) ("“—'6':'6-_.[5— 5.35) (iv)
In this system, the subscript 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).

-4~



" 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 O, 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 discrepency 34.2%. In the case of
Helium these figures were + 18.1% and L2.7% 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-Aipr system have been
analysed cn a flame stretch basis. An average
discrepancy of + 35% of the experimental values has been
found between experimental and predicted eritical flame
stretch factors. It should be pointed out that Reed
has alreacy indicated that flame stretch factors may be
determined only to an accuracy of + 60%. S

; 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 wh%ch case

s Py o R - Sl T %
gh =0.23 —FP—— (1 + (x”*-1) ) exp ({38.6 + (1-=)
(2%3%%15 - 6.85)}F) for 0.7 <x <1.3 (v)

~
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The Influence of Hydrooen on the Blow-off
of Laminar Aerated Burner Flames

R.G, Temple, B.Sc.,Ph.D.,C.Eng.,F.Inst.F.,M.I.Chem.E., &
D.0, Bizley, B.Sc. (Department of Chemical Engineering,
The University of Aston in Birmingham),

1. Nomenclature

C -

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 (ko/m?)

2. Introduction

Some six years ago ﬁeed proposed the Flame Stretch T heory of blow-off (1,2).

The 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:

K=%1% - 023 |1+ x84%-1 i
=7 [+ )a] (1)

D7 < X< 1.36



where

0 for flames with a primary reaction zone only
1 for flames with both a primary and secondary reaction zone

and
Mo ™ ‘BlpSu (i)

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 invalidaies 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 MNatural 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 correiation. 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,
1ike 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 B, 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 g 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 ré@ime 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 B, 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. HNeither 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 flame. Parlange's model is perhaps the
most sophisticated of those available. He has not only studied the case
of a Tight 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 1ikely 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 (D1).

(ii) Concentration gradient of the above species. This will be
related to the concentration (xq) of these species in the
combustion products. For this to be evaluated, perfect
combustion is assumed.



(ii1) Diffusivity of mobile species in the unburned gases (D,)
(iv) Concentrations of these species in the unburned gases (xz)

(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 “w" method of
dimensional analysis it may be shown that

o
( ) ( ) (iii)
k/pCp k/pCp

where nqy, Ny, Ng and ng 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 n, = n, and ny = ns.

(ii) The relationship between ny and ny could be found experimentally
if x; and X, could be varied independently. As this is not possible,
however, it has been assumed that Ny =Ny = 1. F has thus been
defined as follows:-

D] 1\ Y% (iv)
kfacp I/oCP

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

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.



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 ogas
(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 fis 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 oases 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° K + 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 in a
cylindrical tube for fully developed laminar flow is given by the
equation i

Le = 0.C35 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
wd?

(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 cylindrical burner
employed was not suitable for the high burning velocities present in this
system. The results are skown 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:-
(1) 01 diffusivity of water vapour in Air
(ii) Dy

diffusivity of Hydrogen in Air



Concentrations of other gases are low relative to Air in all cases..
D, and D, 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.

(ii1) Xy = concentration of water vapour in the combustion products
assuming perfect primary combustion

(iv) X, = concentration of Hydrogen in unburned gases

(v)  k,p, 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):-
K = KeF
T(X)

(viii)

where C

The average discrepancy bdetween experimental values and those predicted
by the above correlations has been calculated ast6.93% 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 -

2.64

C=38.6+(1- Cf.) m = 685 ('ix)

Substituting equation (viii), the following equation is obtained

K = 0.23 E+ %% = Yal exp [38.5 + (1 = a) (TT% 2 5.85)}£|
o e i T

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



gb = 0.23 2PV 1+(x5'4-1)ﬂ exp[{38.6+(1-a) (- 25oemey - 6.85)}__FJ (xi)
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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. Fiog.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 bleairTy 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.

The authors are pleased to acknowledge with their thanks the provision
of a Gas Council Scholarship to one of them (D.0.B.) to enable this work to
be carried out. The authors would further like to thank Dr. S.B. Reed and
his colleagues at Watson House for many helpful discussions and suggestions.
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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 hydrggen 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
Eig. 253
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
Figen2al and 2.2,
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