ALDENDUM

1. Assumption of Constant Pressure through the Flame.

1t is8 stated, in section 3.3 ( p 64, line 16 ), that the
pressure associated with the momentum of the flow is negligible
compared with the absolute pressure and that this will be
demonstrated in Chapter 5. Explicit proof was omitted from the
final version of the later chapter but the result is impliecit
in the momentum values listed in Table 2 ( p 99 ). The maximum
component of momentum generated across the fleame is shown to be
about 103
is 106 dyne/cmg Thus the change of pressure is only .1% of the
total.

dyne/cm?, that corresponding to atmospheric pressure

2. Williamsg G.C., Hottel H,C. and Gurnitz R.N. Twelfth
Symposium ( International ) on Combustion, p 1081, The
Combustion Institute, 1969.

The above reference was overlooked in the preparation of
the thesis. It is of interess on two counts. Firstly, it
introduces a novel technique for the study of premixed, turbulent
flames whereby the reactants are seeded with fine particles ef
magnesium oxide which are then photographed by scattered light.
The instantaneous flame front is then marked by the change in
density of illumination resulting from the change in particle
density on acceleraticn through the flame.

One conclusion drawn from the study is that the flame
turbulence was much greater than, and not simply related to, the
turbulence in the burner stream - an interpretation that ie in
full accord with the present thesis. ’
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p 25 line 6 ... advantages ... .
p 3% line 5 ... Ektar ...
p 37 line 20 ‘e asxﬁmetrz of the geometry, .
p 40 1line 27 +es 250 cm. focal length,
p 44 line 7 +.. point focus.
p 48 line 32 ve. (eug (31,32) )
p 50 1line 14 ... to c where ...
¥
p 56 Insert before equation for turbulent flame

"After averaging"

p 57 line 15 ... 367 and 247 cm./s.
p 74 1line 10 «+. Sheathing ...
p 76 1line 1 ..., congistent ,..
p 68 1line 13 ... total saturation current, Js’
p 93 line 4 In practice ...
line 22 Thus in practice ...

p 103 1line 14 ... ( equation 4.1 ) is universal and ...
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ABSTRACT

An experimental study into the behaviour of premixed turbulent
flames of hydrocarbon/air and hydrocarbon/oxygen mixtures, stabilized
on burners, is reported. The state of the subject which led to the
work is reviewed and the limitations of earlier investigations are

discussed.

New optical methods are introduced to obtain relevant information.
Particle tracks are combined with instantaneous schlieren contours to
give various, but reproducible, definitions of local and average burning
velocity. Ray deflection methods are developed to assess the
comparative effectiveness of turbulence inducing devices and for

measuring the time average distribution of products and reactants.,

An electrical method for determining flame area, based on
extracting all the ions generated in the flame and measuring the
resultant current, is developed and tested. It is shown to be
particularly suited to irregularly shaped and fluctuating flames

where more usual methods of area measurement are difficult to apply.

The "wrinkled laminar" concept of turbulent flame propagation is
checked by appropriate burning velocity results, and independently,
by the above electrical method. Both tests show the model to fail,
the failure being greater than can be explained by small scale

turbulence in the burner flow.

The movement of the turbulent flame front is shown to be
significant, compared with its thickness, during the transit of a
pocket of gas. Part of this fluctuating motion is caused by the
continuity of the perturbed flame front and part is explained by
the interaction of flame generated momentum with the confined
product flow. The turbulence 'seen' by the moving flame front

accounts for the measured increase in burning velocity.

It is shown that the electrical measurements can be related to
those of burning velocity if changes in flame structure are assumed

to occur.
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FOREYORD
e

The study reported in this thesis waé carriéd out in two
distinet phases, separated by an interval of several years,
: Thé.optical iﬁvestigations took place between 1957 and 1961,
whilst the electrical measurements and overall interpretation
occurredZthe latter part of 19693 and the early part of 1970,

The theory and measurements of the original optical study
were published in Reference (1) and parts were subsequently
,inoorporéted into Reference (2). Thus, the éarly part of the
work has become well known, and quoted in. the literature before
completion of the thesis, Several of the publlcatlons quoted
in the survey of Chapter 1 are, in fact;, pre-dated by the work
. of Chapters 2 and 3. The detailed analysis and combined
interpretation of these results is repdrted; for the first time,
~in the present thesis, a8 are all the features of the eleotrical
fstudy.
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SYMBOLS
A - Flame ares
c ~ Velocity of lisht in vacuo
c! ~ Velocity of lizht in g medium
D -~ Optical path
E - Blectric field & Bxpansion ratio
f - Mraction of hot products
G -~ Plame speed (ceferred to reactants)
J - Total current B
J - Currenﬁ density per unti area of flame
'k - Tonic mobility '
1 - BScale of turbulencs
m - Number of séhlieren reoordé
n - Normal to direction of maximum refractive index gradient
r ~ Radial position across burner (measured from axis)
z, - Burner radius | | |
mﬂﬁbriﬁt— Burning velocity
.T ;_ Témperature
t - Time
uw&u' - Intensity of turbulence
B - Volumetric flow rafe‘
v " - Velocity
X - Len-th of opticnl test space

.z - Bxeursion of instantaneous flame front
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SYMBOLS (Cont)

Af - Flame thickness
Ap - Change in momentum
A, - Inorement of burner radius
A 1 - Length of instantaneous flame surface corresponding to
M - Refractive index
) - -1
3 - Kinematic viscosity
€ - Eddy diffusivity
P | - Density
(f> - Angle between approach flow and flame surface
;) - Angle of deflection of the incident ray
?/ - Angle between flame front and (x,2z) plane.
. SUBSCRIPTS

av, - Distance average across burner

b - Limiting condition for electrical b‘reakdown‘
£ - Flame |

L -~ Laminar

o |

‘= Initial conditions (except for r o)
- Products

- Reactants

- Saturation (electrical)

Turbulent R

- Perpendicular to flame

B2 oa R O
]

i - . = Parallel to flame

SUPERSCRIPTS

——— ' - Time average.
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CHAPTER 1 INTRODUCTION

» ~'Flames in turbulent, premixed reactents ~ henceforth
‘referred to as 'turbulent flames'l-'are‘oomplex-phenomena.
Their study is made difficult by the large number of variables
and the difficulties inherent in both controllihg and ‘measuring

some of them,

Although Mallard and Le Chatelier(3) noted the differences
in appearance between laminar end turbulent flames as long ago
as 1883, it is only within the past thirty-five,years that

attempts have been made to establish an understanding‘of the latter,

The first comprehensive ihfeétigatibn of flames in turbulent
premiked gae streams was due'tO'Dakahler,(4) who_realised that
" the difference between laminar and furbulent;flemee.lies in their -
-~ physical rather then their chemical properties. He also eppreciated
| that there were ‘differences between the regime where the scale of
turbulence was small, compared with the flame thickness, as distinct
from that where it was large. Theoretlcal models were established
ndependently for each of these cases: “and experimental studies

were’ performed on small burner-stabilized flames.,l

Demkohler'setheory, for turbulence of small scale compared
"w1th the flame thickness, assumes the only difference between this’
. and the laminar regime to lie in the transport properties. It can

be shown that forva laminar flame, the burning velocity, LY is

related to. the molecular diffu31on coefficient 3, in the.

follow1n“ manner -

s, \_ < P (1;1‘) -f'S-:S)
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Damkohler suggested'that the corresponding burning velocity

| prevalent in a turbulent flame, ST’ WOuld depend in a similar
manner, upon the eddy diffusivity, £, all else being equal.,

~ Thus the relation between laminar and turbulent burning velocities
would be governed by the equation

S

For large scale turbulence Damkohler assumed that the turbulent
. velocity fluctuations superimposed a number of small cones on the
laminar surface, thus effectivelydincreaeing its instantaneous area.
According to this picture the ratio of turbulent to laminar burning
velocities would be equal to the‘ratio‘of instantaneous turbulent,
Ai, to laminar, AL,'surface-areas. Thus -

s. 7 'A—L' . (133)

) ‘This equation implies that, for regions whereithe flame
thiokness is ‘small compared'with the' scale of turbulence, the
concept of turbulent burning velocity arises solely from the

: increase in instantaneous area of flame surface.j If this -
1nstantaneous area could 1n fact be considered instead of the.
area of some 'average'.surface as seen by eye the laminar burning
' ”velocity would be obtained. By expre581ng perturbatlons in terms
udOf pipe turbulence Damkohler showed that under these conditlons'

Sp o w ()]
" where u' is the intensity of turbulence,
The experimental studies of Damkohler were on small flames

vstabilized on burners of circular cross section carrying flows

of premixed propaneﬁxypen W1th fully developed pipe flow turbulence,
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The experimental burning velocity was defined as the reactant

volume flow rate divided by the surface area of the flame, This
ﬁ latter was obtained from a time-mean photograph of the flame's
luminous zone; It was defined by rotating a line, formed by the
innermost boundary of this zone, about the burmer axis., The
results obtained gave some measure of agreement with the theory
and discrepancies were explained by Damkdhler as being due to
regimes of large and émall scale turbulence occurring together.
It has since been questioned by Karlov1tz(6 whether some of the
agreement was not fortuitous,

‘Shohelkin(7) extended Damkohler's théoretical considerations
and modified the equation for turbulencé of small scale compared
‘with the flame thickness to

Ny

S'I' £+ )—i o ‘
u = : . (105)
Sy < » ,
to allow for the molecular transport properties iﬁ.the turbulent

regime,

‘ Shchelkin éiso_modified fhe Damk%hler eQuation for large
~scale, small intensity turbulence. Once more Damkohler's model
'was used but the area of the superlmposed cones was calculated
‘more carefully, assumlng fully developed pipe flow turbulenoe.

- The equatlon derlved was: Lo }
. | .
,§?.-=_"[1+b(g)2 o (1.6)
L \S. /] |-
‘ - \EL 4
where b is a:coeffioientiof order of magnitude unity. .

A further regime was treated in Shchelkin's investigation.
This was the case of high intensity, large scale turbulence,
‘The flame wasihere conceived as a disrupted surface from which
" pockets of unburnt gas break away into fhe prodﬁdfs and burn

.inwaids as they are carried along by the exhaust gases, This -
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region will be epecifically excluded from the present work and
will be given no further attention,

Shchelkin's theory was considered rather surprieing'for
appreciable scale turbulence in that, under certain conditions
it predicted a turbulent burning velocity independent of, or
only weakly degendent on, the laminar one, To test it Bollinger
and Williams‘8 undertook an experimental investivation using.
Bunsen-type flamee.. 4s in Damkohler s case, the burnlng velocity

was defined according to the equation

where V was the volume flow rate and A the surface area of the

' flame. The significant quantity everywhere is the surface area

A, As in Damkbhler's work it was derived from a time-mean

‘ phdtograph of the flame's luminous region. However, in this case
~ the surface was constructed by rotation about the axis of a 11ne
’drawn midway between the inner and outer boundaries of. the
luminous region., Fully developed pipe flow turbulence was assumed
once more and the reactants were acetylene-air, ethylene<air and

" propane-air, The results showed that turbulent burning velocity
increased with incpeeeing turbulence intensity but not linearly,
the rate of‘incieaee,of turbulent burning velocity deelining at
higher intensities, Furthermore, the laminar buruing velocity

, remained a controlling factor, even at high turbulence intensitles,
- and the curves for different fuels showed no tendency to approach
a common value, All this was in direct contradiction to the .
predlctlone of Shchelkin's theory.

Williams, Hottel and Scurlock(g),worked on turbulent flames
stabilized on baffles in confined channels.‘>The_epparatus used
was such that'the approach flow turbuleﬁceeinteneitytcould be
controlled over a wide range and measured by meang of a hot wire
euemometer. It was shown that the:approech flow'turbulence had

1itt1ereffect on the turbulent burning velocity;wﬁich itself was
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“much higher than predicted by Shchelkin's'theory. The conclusion

. drawn was that there was some mechanism producing turbulence

which over-rode that present in the approach flow, . This turbulence
was accounted for in terms of the'large velocity gradients induced

by the flame in the confined channel, The particular investigation
. 1is of interest because, although 1t was not of flames stabilized

on open burners, it was the first in whioh flame generated

turbulence was detected experimentally and explelned theoretically.

(10) -

flame generated turbulence by introducing small perturbations at

Markstein independently 1nvestigated the possibility of -
the base of a laminar flame and observ1ng them as they travelled
up it, PFrom observations of the growth of the amplitude of the
disturbance it was concluded that any turbulence in ‘the unburnt

gas oould be considerably 1ncreaeed by the flame.

' . Pictorial evidence of the nature of turbulent flames came from
Karlov1tz(6) and Vohl(11)

' photographs which 'froze' the fluctuating turbulent flame. These

as a result of instanteneoue schlieren

instantaneous pictures showed the flames under. consmderation to

have a oontlnuous, sharply defined eurface. They conflrmed the
earlier theormes of Damkbhler' and Shchelkin in so far as these

were based on a model of a dlstorted, fluctuatlng, lam1nar~type
flame. Furthermore, these pictures showed the_contlnuous surfaces'
to present sharp peaks to the burnt products, but much smoother
‘facets to the unburnt reactants, Karlovitz attempted to explain
thie qualitatiVely by considering aclaminar flame,'arbitrarily
dlstorted by large scale perturbatlons, propadating w1th its lamlnar
burning velocity 1nto quiesoent reactants.

Karlov1tz also 1ntroduced a model to explaln flame generated
turbulence. For this the acceleration undergone by a small volume

of gas on passing through an element of flame front was considered,
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It was known that this induced an excess velocity, normal to the
flame front, whose magnitude could be‘expreesed quantitatively

in terms of the original and expended volumes of the gas and of

the laminar burning velooity( 2 . For a turbulent flame consisting
of a fluctuating, laminar-type surfece, the flame front and‘hence
its normal would vary both with position and time, Thus it |
followed that the excess melocities‘induoed in turbulent flames
would appear as increased turbulent‘fluotuations superimposed on an

increased mean flow velocity,

For his experimental investigations Karlovitz( ) used flames
similar to those investigated by Bollinger and Williams but the .
time-mean flame surface was derived by rotatlon about the axis of
the line corresponding to the .locus of maxlmum den81ty on the
photographic record, Karlovmtz concluded that the large burning
; Velocities meaeured could be accounted for if the sum of flame
- generated and approach flow turbulence were substituted for the
approach flow turbulence, ' |

Karlovitz's experimental work is also of interest in that it
made use of the electrical conductiVity of the flame, Fluctuations
- in the flame position were recorded by Changes'in current, on fixed -
position ionization probes, caused by passage of the 1on1z1nb part

of the reaction zone,

(3)

of helium from a flne source .in order to measure turbulent parameters

Westenberg used sampllng methods involving the dlffu81on

in the flame reglon. He concluded that there: was some ev1dence of

flame generated turbulence.
(14)

‘which were Carried along'by turbulent streams instead of stabilized

Mickelsen and Ernstein .etudied freely propageting flames

1on a burner and found their burning velocities to be eubstantlally

'less than those recorded for burner stabillzed flames,



Scurlock and Grover(15) considered, theoretically, the effect
of large scale turbulence on the flame front, They considered the
interaction, on the instantaneous surface area, of three effects
_believed to be important in the propagation of flames. These are
the eddy4diffusion of reactants, which tends to increase the

instantaneous flame area; the propagation of the flame, which
'tends to decrease the areaj and the flame generated turhulence,
which tends to increase the area, .They concluded that whilst
allowance could‘be made for the two former effects, there was
 insufficient experimental data to be able to assess the importance
of ‘the latter, | |

(16)

‘conditions the propagation of a turbulent flame may be controlled

Spalding has indicated ‘that under certain limited

by the entrainment of stagnant gas surrounding the main flow,

Many later workers have studied turbulent flames, e.g, (17-21),
but ﬂenerally‘their work ccnsiSted'of'applying existing techniques
towards accumulating more results to try and test the hypotheses

already mentioned.,

This, briefly was the state of the subaect which led to the

inception of the present work. Since then there have»been more
(22'23). In

addition there have recently been two novel approaches. E

experimental investigations of the above type, e .

(24 25)

comprehensive investigaticn 1nto noise generated by turbulent

Hurle, Price, Sugden and Thomas have carried out a

' flames and suggest, incidentally, that their measurements on 02

emigsion support the "wrinkled laminar" hypothesis in describing

" the turbulent flame front

(26) |

: Sckclik, Karpov and'Semenov ‘ have succeeded in generating
turbulence.within a bomb and have, independently ‘of the present
1nvestigation, used the. schlieren 1mage (1n congunction with
anemometer measurements of turbulent: veloc1ty) to check the above

hypothesis. They find it to be incorrect in that the burning
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velocity of the instantaneous fiame front is considerebly different

from that for the normal laminar flame., Transient measurements of
ionization currents were used to measure reaction times. The

followiné comments on the inadequaoies'of previoue burning velocity
studies are not applicable to the work of Sokolik en@‘oollaborators,
which will be,ignored in this coutext,.because-the opticaliinvestigatioﬁe
"in the present work considerably pre-dated their publioation.‘

© Any comprehensiue study of the phenomenon 80 far undertaken
can be subditided into three sections, ‘Theee comprise firstly, the
physical theory where the effect of the turbulent veloocity fluctuations
on the flame front and its burning velocity are described, Secondly,
a mathematiocal theory‘expressing;the physical perturbetions in terms
~of the relevant,flow parameters, Finally, turbulent burning velocities
muet,be‘meesured experimentally and compared with‘predictions arising
from the first two steps, This is a circular process involving |
hypothesis and verification and means that if a mistake is mede ‘at
any particular point the whole argument is thrown off course and will
not link up. Furthermore, it will not be possible. to determine at
what point, or points, the deficiencies ocourred,

Perhaps the most obvious*criticism'of previoue work lies in the
‘definition of the experimental turbulent burning velocity. The
investigations described have defined this turbulent burning velooity
“in terms of a volume flow ratevdivided by a timegmean surface area -

equation 1.7,

It.is'desirable to consider how equation 1.7’ariees and why it
was used for the definition of turbulent burning velOcity. The
definition: of laminar burning velooity conceives of the flame as
propagating into stationary reactants, The burning velocity 1s
‘then the oomponent‘of'the flame's velocity, perpendioular to the
flame front, with respect to the cold gae.‘ This can be applied to

a burner stabilized flame since it does not matter whether the gas
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or the element of flame front is stationary as long as the relative
velocity of the two is known, In this case

8, = voin ¢ | " (1.8)

where v is the local stream line velocity and § the angle it makes
with the flame front. If this equation is integrated over the
burner mouth it gives rise to a mean laminaxr burning velooity,‘
.Sﬁ,av.’ over the burner mouth, g0 that

) =  Volume flow rate = (1.9)
Lyav, Surface area '

As far as the definition of turbulent'burning velocity is
ooncerned, the situation is rather different, The primary concept
of a flame propagating into stationary‘reaotants can no longer be
realised exporimentally sihce it is diffioult to arrange for . .
stationary roaotants to be turbulent, Moreover, in the ocase of
burnér stabilized flames, equation 1,8 was not foﬁnd to be of
praotioul uge due to the difficulty in measuring v 1ooally. Thué,
equation 1.7y whioh is the turbulent equivalent of equation 1.9,
bocame the defining equation for turbulent burning velooity. It is
the uncertainty and irreproduoibility of the time-mean surface
- whioh has to be derived from the diffuse brush of the turbulent
flame, that leads to troubla, |

All the measurements of surface area have been derived from
a time average 'ploture' of the turbulent flame obtained by its
own light, Purthermore, a photographio record of the type shown
in Figure 1 wan usually used for this'purpoee. This is unsatisfactoxry
on threa'separate counts, Firstly, the turbulent flame brush ocoupies
a large region so Lhere are significant differences between the areas
obtained from the incompatible definitionas of time-mean surfaces that
have beon used by different workers, Secondly, the position of the
diffuse houndaries of the lumineus region, as indicated by this method,
18 subjeet te the photographie histery of the plate rather than
unlquely dependent on the flame, Thirdly, the apparent luninosity
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FIGU.LE 1 - [URBULSNT FLAZZ BRUSH
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falling on a measuring instrument fromlany element of flame front
depen&e not only on the amount of 1ight.emitted by that element,
but on its orientation to the direction of view. Thus, if similar
elements are considered, those lying w1th their normal perpendicular
‘to the viewing dlrection will appear very much brighter than those
lying with their normal in any other direction, For an axially
‘symmetrical, conical, laminar flame, the region of maximum intensity |
will sharply define the flame boundary on the axial plane .
perpendicular to the viewinb direction. This occurs because the
only elements of flame front with their normals 1ying perpendicular
to the viewing direction lie on this boundary;~ With the disordered
,fbrm of the turbulent flame this is no longer true and elementstof
flame front with‘their normals perpendicular to the viewing direction |
" can.lie anywhere over the flame surface., The latter consideration
'results in a weighting of the record of the time mean luminous
'surface and must certainly render suspect any definitions based upon
. the inner boundary of the luminous zone whether it be used for
direct measurements or construction of an average surface. Similar
oriticism attaches to the method adopted by Bollinger and Williams
. .who constructed their surface on a line midway between the inner
and outer boundaries of the luminous zone. Zven assuming this region
does not suffer from the objections already mentioned, it'isr"
H'weometrlcally impossible to construct a line setiSfying this ‘
definltlon without detalled knowledwe of corre3pond1ng p01nts on

the inner and outer boundarles.

- If the circular argument is. to link up, there is yet a further

restrlctlon on the deflnltlon of turbulent burnlng veloolty. It
.should correspond to that used in the phy81cal theoxry predlotlng the ,

flame s behaviour. All the theories mentioned envisage the time

average, dlffuse boundarles of the turbulent ‘flame being as mutuelly .
- parallel. They base their predlctlons of turbulent burning velocity :
on a: time averagersurfaoe Whioh is parallel'to these boundaries,
Reference to the-photovraph of Figure 1 showe the conoept to be
untenable for bunsen-type flames in so far.as the diffuse boundaries
_ themselves do not fulfil thelr sp601fied conditlons of parallelism.
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The foregoing discussion has already shown how most of
the approaches adopted in earlier studies attempted, at best,
a circular argument of hypothesis and verification which bore
iriadequate relation to the actual physics of the problem. There
is great need for investigations which short circuit this type
'of argument and provide step by step Justification for the models
employcd It is now time to outline, in some detail, the questions

to be answered and the methods developed especially for thet purpose,

The presentlinvestigation;is into the combustion of flames of -
premixed gaseous reactants stabilized on burners and subjected to
turbulent approach flows. The regime studied is one where large |
scale turbﬁlence is present ip the flo? ahd where the-instantaneous
flame front, as seen in achlieren pictures, is a thin corrugated
zone; fluctuating in position with time; within a'fixed»volume‘
bounded by a time average brush, .

The first, and most pressing, question is whether each element‘
‘of the corrugated flame front behaves: 1nstantaneously as though it
were a laminar flame occupyino the same p091tion._ Whether 1ts
detalled structure and properties, such as the velocity of
‘propagation, are the same as for a flat laminar flame. An ‘
_ affirmative answer would simplify the problem considerably, ‘The
1ntersction between turbulence and flame front would be explained
in terms of Damkohler's model for turbulence of scale 1arge compared
~with the thickness of the flame front,.where macroscopic distortions

of position do not affect the microscopic processes of propagstion.

‘ If the instantaneous, . corrugated, fluctuating flame front 1s o
found to exhibit properties only slightly modified from those
aBSOC1ated with the flat lamlnar flame, it: may stlll be poss1ble
to explain the results in terms of Damkohler's hypothe31s by
including the effect of small scale turbulence, The model adopted ,

_for turbulence of,scalevsmall compared with the flame front thickness
predicted an inerease'in'burnin velocity" due to the 1ncrease in |
jeffective Viscous transport caused by that arisinc from eddy

diffusiv1ty_supplementing that already present. There is no reason"
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why the artificial separation between large and small scale
turbulence, invoked by Damkdhler as a matter of‘convenience for
his models, should actually occur in real flows, It is much more
likely that some spectrum of turbulence scale will exist, However,
the intensity_of'small scale turbulence is limited by the available
“turbulent energy. - | | B

If the discrepancies between turbulent and flat laminar .‘
flame still remain unresolved,'it is then necessary to decide
whether they are due to geometrical peculiarities in the
instantaneous, corrugated flameffrcnt rathervthan_true turbulent,f

“i,e, time variant, effects.

Any remaining anomalies between turbulent and laminar flames go :
beyond the original Damkohler theory and require additional ooncepts,
‘e.g. flame generated turbulence, to explain them. Whilst this by no
means excludes them‘fromkthe scope of the present investigation, it
.~ is'not thought profitablo to anticipate t"hem in detail no.

,?f Burning ve1001ty has, both in: earlier studies and the foregoing
discussion, implicitly been assumed to be- the most important single
characteristic property in assessing Similarities, or otherwise, in
'the propagation of flames in constant composition mixtures of premixed
reactants subaected to different_flow conditions.‘ Deficiencies in both
definition and measurement of Burning velocities in many previous
investigations have already been pinpeinted. N

Whatever definition of burninb velooity is chosen (the 3D form |
-of equation 1 7 or the 2D form of equation 1, 8) its actual measurement
depends on definin and measuring the two, 1ndependent, features cf
o approach flow and flame surface. ; ‘ ‘

'Approach flow velocities are of interest in terms of their local
time-mean and fluctuation values,  The tracks of particles, carried
by the flow and illuminated by an 1nterrupted Tyndall beam, have
‘_proved very successful for the measurement of approach velocities in

- 1aminar flames, e, g.( 27) but have not been widely used in turbulent
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flames because of the low intensities of the recorded tracks at

the high velocities involved. These difficulties can be alleviated
by reducing flow velocities for a given level of turbulence and by
inoreasing the intensity of illumination. Both have been attempted
and the methods will be detailed in Chapter 2, - In designing
obstacles to intensify the turbulence, the advantage of generating
,-it as uniformly and homogeneously as possible; across. the burner

mouth, have to be borne in mind,

Some method is needed of rapidly assessing the effeotireness
of various devices in generating turbulence complying with the above
conditions. The direction of deflection of a. beah of pardllel light
by the. refractive indei radient of a flame is characteristic of the
orientabion of the flame 28). This, in turn, is ‘dependent on- the
turbulence present in the approach flow, 'Thus’ﬁhe possibility of an
optical method based on the turbuience induced rsndomness of‘defleotion

of a beam of light suggests itself,

The great need for a method of delineating the ihstantaneous
"flame front has already been explained in.COnsiderable detail.
Instanbaneous sohlleren photographs have already been - shown +to have
provided qualitative confirmation of the hypothesis of - a corruvated,
‘fluotuatinb, laminar flame . Before this work no one had considered,
in detail, what it 18 the sohlieren piotures actually show. It is
this 1na1y31u that reduces ‘the problem to 2 dimensions and enables .
‘measurements of the sohlieren image to be combined with measurements
of approach Flow, described above, to give adequate definitions of
burning velocity and a direot test of the basic hypothesms. Furthermore,
these measurements also lead to a reproduoible definition of turbulent

burning velocity.

The last two methods depend on the deflection of a beam of

N Iight by the flame's reflective.index field. In prectioe ﬁhey

utiiize only the direction'of these defiections. Fuarther information
ubout the quantitative dlotribution of refractive index is contained f
Zln the magnihude and distribution of these deflections., Inethe case

fof a_turbulent flame this can 1ead to a measure of the average:
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distribution of products and reectants. ﬂhen applied to the case
of some tracer, of different refractive index to the main flow,
this aspeot of the defleotion ie potentially capable of recording
the effeotive transport properties éoverning the spread of that
tracer and hence the parameters of turbulence,

Preferenee,,so far, has been given‘to‘the use of optical
techniques because they do not interfere meterially with either
the flow or the processes occurring within the flame. In eddition,
all discussed utilize an external light source and are, therefore,
capable of sufficiently hlgh time resolution to 'freeze' the
-fluotuating flame, where approprlate, and thus fulfil one requirement'
'neoeseary_for verification of the "wrinkled laminar" flame hypothesis,

| . :

_ A llmltation of optical methods is that they reduoe the problem
to 2 dimen91one. There remains a great need to measure flame areae
“directly. This cannot be done by sehlieren 50 some: alternative-
. method is required. One .such method depends. on the electrioal
"properties of the flame.l Premixed hydrocarbon/air (or oxyzen)
vflamee are known. to generate ions (e.g. ougden(zg),' If all these
ions can be extracted from the flame, by applloation of a D,C,
field, and the current so produced, meaeured, one. aspect of the ‘
'"wrinkled laminax" hypothe81s can be checked dlrectly.; Vamely,,
that for a given combustible mixture the total saturation current,
,bdesoriped,above, depends'only on the volumetric'flow‘rete‘and not
on whether the flow is laminar or turbulent, The "wrinkled laminar"
concept requires flame area to be proportional to volume flow rate;
the saturation current, for constant mixture, is proportlonal to
flame aren, Hence saturation current must be proportional to
. volumeﬁric flow rate unless the flaie struoture‘is;altered.g.

Detarled descrlptlone of the technlques developed follow,
bhoee of the optical methods and results in Chapters 2 and 3;

| those of the electrical method and_resulte in Chapter 4,
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CHAPTER 2 OPTICAL METHODS - DESCRIPTION

2.1 Partiole Tracks

_ ‘The first method to be diScusSed is'the'mapping of flow field
by means of particle tracks illuminated by an interrupted Tyndall
'besm.‘ The aim i8 to map the mean approach velocity and turbulent
fluctuations upstream of the flame in an axial plane across the
burner mouth, The method is to be used, in conjunction with
delineation of the instantaneous flame front, to défine burning
velocities, so that it must operate under conditions compatible with
the requlrements of the latter, This consideration is important
because it is necessary to tailor the flame to- make it suitable for
application of the technique.

The reasons why particle tracks have not been used for the
investiwation of turbulent flames have alreedy been mentioned -
lack of intensity due to the hlgh velocities used and’ inertial
_effects due to the excess density of. the partlcles over the carrier
gas. Both of these difficulties result from the usé of large flow
:velocities and so can be'reduoed by limiting these'telocities.' WAith
ordinary pipe flow thls results in the reductlon of turbulence and so
'cannot be an acceptable solutlon to the problem. Introduction of some
device for inducing turbulenoe upstream of the flame would seen to
fulfil the requlrement. At the same time it is obviously desirable
that both the mean flow and parameters of turbulence should be as
uniform as possible across the flame.-

Since turbulerce occurs as a result of shear stresses in a
ifluld, various ways of artlficlally 1nducing these stresses were
1nvestlgated They were limited by the need to produce the turbulence

a short distance upstream of. the flame.
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An attempt was made to achieve stratified flow in a two

dimensional model, designed to produce large shear stresses at
the layer boundaries, by means of a device similar to an Amal
flame trap matrix. ‘The latter consists of suocessi&e layers of
plain and crimped strips of metal laid'upon one another, the
crimpings being perpendicular.to'theiiong side of the strips.
' ‘then these layers are tightly bound together the effect is similar
to a bundle of thin wailed, narrow tubes peoked parallel to one
_another so that any fluid flow passing through them is aligned in

the same direction. The projected turbulator differed from this in
: that the crimpings in successive layers weére inclined alternatelyiaf
plus or minus some angle, k., to the direction they would have had :
in the normal matrix., The result was that successive layers of flame
trap material produced layers of gas, sliding over‘eaoh other with
‘equal speeds, but inclined to each other by 2ol . The construction

“-worked quite‘setisfdotorily'for a long, two dimensional burner mouth,

but the matrix could not be wound in a form suitable for a small
'.:axially symmetrical burnsr.' : p
, ‘The most satisfactory form of turbulator for axially symmetrioal
'burners was made from perforated sheet, with hole diameters
approximately the same size ‘a8 their separation, whioh led to the
_production of fairly uniform flow and turbulence across the burner
‘mouth, Experiments were performed moulding these turbulators to a
- shape approximating'to the mean fleme position to'improve further
the uniformity of turbulemce. The attempt failed because of the
: ten&ency of'the flame to flash baok'When in the immediate vieinity of
the turbulator, An optical method of assessing the success of

turbulators is to be described later.

With the more uniform turbulence affecting the normally laminar
pilot region at the edges, it was found necessary to‘introduoe some
form of stabilization to prevent blow-off;i This was achieved by
'dimerting‘a'small-fraction of the main flow to form»e pilot flame,
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The pilot flow was fed to a series of cloSely packed, small holes
with their centres based on a circle closely circumscribing the
burner mouth, It was important that the pilot should be as small
as possible to restrict its zone cf influence and prevent it from
obscuring deflections of the incident_light by the main [lame, To
achieve this an annulus of fine,gauze,‘ofvdiameter slightly larger
than the nozzle carrying the main flow was placed over the pilot.
Its effect was to confine the pilot to a small annular ring |
surrounding the main flame, The burner itself is shown diagrammatically
in Figure 2, A matrix of flame trap material was‘substituted for the
~ turbulator to produce a laminar flame, under similar flow conditione,
for direct comparison,

The flow system was designed with the requirements‘of the optical
methods in mind. Versatility was aimed for, rather than extreme
accuracy, because the use of turbulators made it difficult to predict

flow rates. ‘necessary to attain desired turbulence levels.

Propane/air mixtures were chosen as representing a typical
“gaseous bydrocarbon/ox1dant ccmbustible system. The actual choice
'_jof fuel was largely dictated by'availability; constancy of composition
'vfand‘cOst Air, rather than oxygen, was selected, ‘for convenience and
3"sz.a.fety;v stoichiometric proportions were used. to avoid as many

. extraneous complications as po591ble.- In view of the statistical

" nature of the phenomenOnxand its. subsequent analysis, it was thought

unnecessary to go.to the extremes of purification and control employed
in the more elaborate 1nvestigations of laminar flames.

Preliminary calculations and experiments showed that air flow
‘Tates of between .5 and 1.5 1./s. were to be expected together with

fuellflow,rates betweenljo and 90 ml./s. to‘achieve stoichiometry.'

Pigure 3. shows a bhlock diagram of the system used. - Air was

- drawn from the laboratory by means of a Bullows 'Hydrovane' pump, .

“_and fed, via oil and water- treps, into a calming reservoir of about

= 25 1, capacity. The oil trap wvas a tube loosely packed with felt
‘whilst the water trap‘was a similar tube packed with silica gel,
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Downstream of the reservoir the first control valve, A, was
followed by a calibrated Rotameter flow meter, The air then

passed through a T junction, the third arm of which was connected
fo a mercury manometer; provision‘wae'also made in this junction
for insertion of a mercury in glass thermometer to indicate the

nés temperature. ‘The flow next passed through ‘a second control
valve, B, after which it divided two Ways, one portion passing
through a third valve, C, before r9301ning the othexr which passed
.through the particle injector. The latter comprised a fine nozzle
through which the incoming air was airected on to a pile of |
elutriated Bentonite, some of which was picked up and carried'along
by the air stream. After recombination of the two flows the air was
fed into the base of the first mixing tower from a device which ‘
resembled a small gas ring and was 1ncorporated to aid mixing., The
tower was made from a metal.bube, of about 8 cm, diameter and 40_cm}
length, packed about three quarters full with very short lengths of
glass tubing. To ensure hbmogeneods mixing the reactants were then
R fed into the second tower which was similar to the first except that
" there was no gas ring at the bottom. The burner~itse1f (Figure 2)

was attached to the top of this tower. '

The fuel line was somewhet simpler;in that the propane was

. - taken direct from a cylinder and was ndt'paseed through a particle

, injeefor. Fuel was taken from the cyllnder, through the reduclng

{; valve, D, and controlllng valve, E, to a flowmeter/manometer arranwement

similar to that used.for the air - (except that the calibrated Rotameter
was selected to cover the approprlate flow range) Fuel was then

introduced into the first m1x1nr tower by a smaller ‘version of the

' pas ring arrangement used for the air.

Precautlons were taken to avoid leaks in the flow lines and
connectlons were- made either by metal tubinv or else by wired Joints
on rubber pressure tubing.
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The air and fuel Rotameters were each Calibreted, on’the
~appropriate gas, at recorded pressure and temperature, by means

of positive displacement meters (wet meter for air - bubble meter
for fuel)‘placed in series, Corrections were made as necessary
vfrom calibrating to operating conditions by Manufacturer's formulae,

. The other approdch to improving particle'tracks_was to increese
‘the intensity of illumination in the Tyndall beam.* One factor that
had to be considered was the provision of sufficient 1llum1nation by
the source to overcome masking by flame luminosity whioh was very
much more serious when particles were injected into the flame - than
with a pure' flame, Fortunately most of the excess luminOSity
appeared to be due to sodium impurities in the particles, resulting
in its confinement to a narrow wavelengthvregion. Although it was
extremely difficult to remove thehimpurities, their 1iéht could be
blocked by suitable filters. Thus, the external source had either
to be powerful enough to permit loss of eome of its light in the

sodium D line remlon, or have its radiation confined to wavelengths

© away from the sodium lines.

L1ne sources were deemed to have the most suitable veometry

Co as the requirement is for 111umination of a narrow axial section

‘i'across the burner.. Reference to available, continuous-running lamps

y;}t‘of this type showed thet none of them was nearly powerful enough for

; 'ithe purpose, The limitetion was not serious as periodlc 1nterruption 1

‘*of the tracks was desired for a time ‘base for velocity measurement,

. The obvious alternative was some form of flash which could -
either take the form of several individual flashes produced at known
’time 1ntervals, or of one long flash which effectively acts as a
continuous source with separate time 1nterrupt10ns superimposed upon
‘it.‘ A difficulty arose in- 1dentification of the tracks of an
. individual particle in the presence of many others.h It was severest
‘_where the duration of 1nd1vidual flashes was short enough to ‘freeze'
the imane so that 1t appeared as a pinpoint which could then, by itself,

¥Better forms of illumination, based on 1asers, would be used nowadeys :
but were not available at this phase of the work,
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‘give no indication of’the direction of motion. If, however, the
" particle travelled sufficient distance during its exposure to be

recorded as a dash, the orientation of the latter would indicate
where to expect the particle to be when the next flash occurred,

- Thus, it would be very much easier’to follow the path of a single

particle if the exposure time of an ‘individual flash was of at

least the same duration as the interval betwaen successive flashes,

Preliminary experiments indicated thatlflow'rates up to asbout
500 cm./s, were required. Hence the flash apparatus had to be

‘designed to give reasonable spacing between successive exposures

of one particle at this flow rate, Rough caloulation showed that
exposure times and intervals should be of the order of 0,2 ms, .

-This was rather long duration for any form of electronically controlled

repetitive flash and a series of, say six, of these flashes, spaced

at similar intervals, would require oomplioated and expensive cirouitry.

For this work it was decided to use. a single, long duretion flash

'which was subdivided by means of a mechanical shutter. The source

itself consisted of a Siemen's S.F, 14 line flash tube which was .
supplied with power from a 3, OOO 1LF electrolytic condenser charged
to 200v, It was energised by discharging a'0, 25 wF condenser, also
charged to 200v, through the primery of a 6v csr coil, the secondary
of which was attached to the trigger electrode of the flash tube,

Primsry discharge was initiated by ‘the opening of the shutter of the
. recording camera., Total flesh duration thus obtained was of the
order of 3 ms.. Pericdic: interruptions were obtained by means of a

sectored shutter~roteting immediately in front of the flash tube,

‘The shutter was constructed of a cardboard disc, of 33cm. diameter,

divided into 90 equal sectors. Corresponding portions of alternate
sectors were cut out to allow light from the source to reach the
opticel system. ‘The disc was driven by an electric notor, controlled
by a 'Variac' auto transformer, and was: normaily operated at 50
revolutions per second, ‘An’ accurate measure of the rotation speed

was obtuined by méeans of 3 neon stroboscope.‘
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The 1light from the source was focused by means of a condenser
lens, using the method of no parallax, on to the burner axis and
thus effectively illuminated a narrow plane through this axis,

Particle tracks were recorded by a camera placed perpendicular‘

'to the plane of illumination. A large aperture lens (Kodak Ekter
F3.7 of 10.5 cm. focal length) was used to photograph the tracks in
order to have a very small depth of fleld and obtain a two dimensional
picture of the particle motlon, Intense emission of sodium light
~which occurred when the particles were heafed by the flame, was kept
- from the photographic emulsion by a leter of Chance ON 16 Didydium

glass interposed between the flame and camera lens, Reoords were
.3.made on Ilford H.P,S. plates developed in Ilford Confrast FF

~ developer, A& typical record is shown in Figure~4.

2.2 Ray Deflection Methods - Principles

The first of the ray deflectlon methods was developed for the
'.semi-quantitatlve ‘assessment of the effectlveness of ‘turbulators.

= The prlnclples underlylng the optical tec 1ques w111 now be described.

. d A flame may be deflned as a region in wh1ch a. self -sustaining,
v exothermic reaction takes plaoe. As this revlon is traversed the
J"temperlture rises from its 1n1t1a1 value to a final one occurrlng
towards the end of the reactlon.

Gladstone and Dale's Law may be Written,asfp_ e
_.Iﬂ; = -g- = conseant . (2.!)
e | o

where fL is the refractive 1ndex and (: 'is the density.-

For a constant'pressufe, oonstant composition:system this may
be expresscd in terms of the temperature, in which case
(j*")7_ = consbant AR - (2.2)

- where. T is the abeolute temperature.
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FIGURE 4 - PARTICLE IRACK RECORD
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An element of flame fiont may be considered as a series of
parallel constant refractive index planes, differing fiom the
above condition only in so far as coﬁposition chenges ocour across
'it., The effect of these will be small compared with the temperature

effects(2) end'are neglected in the subsequent analysis,

The deflection in the y plane, ey, of a 1ight ray incident

"along x occurs in the (x,y) plane and is gifen‘by

ban €y = - | %, %ri dx 3
]

" where X is the zeometric path 1ength.

" For vaSes (where the refractlve 1ndex,-rb ’ approxlmates to
unity and 6 is small) this equation becomes ‘

0, =-| 2 dx » (24)

" In a two dimensional system the distribution of both X and o,
are measurable, making possible calculation of the'refractiveﬂindex 
‘distribution in the flame, Since it is assumed that this distribution
is dQe primarily to temperature variation,'it‘hes enabled the

distribution of temperature to be deduced(z).

As far as turbulent flames are concerned, the- dlfferential :
eform of equatlon 2.4 is more 1mportant because of the 1nstantaneoua

~symmetry of the geometry. This may be written

d(By) = - de (z:5)
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If the element of flame frent is‘inclined at an engle, qﬁ
to the (x,z) plane, equation 2,5 becomes

d(e-\d) .=x "%_'l# Coﬁ ({}d':c; | . '(2.6)

where n is the normal to the direction of maximum gredient.

‘It may be seen that for any given element the deflection will
be maximum when the lines of constant refractive index lie parallel
‘to the illuminating ‘bean and will fall off rapidly with increasing
K inclination.

Differentiation of equation 2,2 yields a relation between
‘refractive index and temperature gradients which may be substituted
in equation 2.5 to yield

(6y) DT T - (27)

In the early part of the flame (some times referred to as the
preflame region) there is no heat release and heat flow is by
-conduction only. The heat balance 1n an element ‘of etreamtube,,

starting at temperature To, flow:ng in the y direotion, 1is given by:

k d'r | MCP (, —-T,) (2 8)

l vwhere k is the thermel conduotiv1ty, M the maee flux, and Cp the

specific heat At low temperaturee e ‘1 3 o

f (T)

| F4¢:P
Substitutinr for dT equation 2, 7 becomes'v'“
4 (ey) - ms_bqgt(r_,ﬂ. - e)
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Differentiating equation 2,9 w.r.t, T and equating the results
to 0, shows maximum values of d (6 ) to occur when T = 2 T, Thus,
| | G\ o

if temperature effects only are considered, maximum deflections occur
at twice the initial temperature. '

2.3 Polar Diarram Method

The particular method developed for a semi-quantitative comparison
of the effectiveness of different turb&lators'depends on recording the
randomness'of orientation of the deflection producing elements of
flame front, If parailel light is deflected by a geometrically simple,
time-constant, laminar flame, its deflection #ill also be geometrically
‘simple and time-constant. If,»hoWever, iﬁ is deflected by randomly
oriented elements of flame front, it follows that its deflection will
‘be random, Since the distortion of the flame front from laminar
,symmetry is caused directly by the turbuience; it further follpws
that a measure of the randomness of the deflection glves some measure
of the turbulence., In order to make use of the effect it was neceseary
to confine the ﬁndefleeted light in some way as to be able to display
the distribution of randomness ofvdefleotions. The aim was achieved
by focusing parallel light to a point, Any digturbanee then occurring
in a test region in the parallel section of fﬁe_beam recorded as
spread of some of the light from the_point.rochs, The relevant }

- property of the focused image.is that‘it'recérds'a le, independent -
' of EgéiﬁiOn'in the test spece. A recer'dino device placed in the
focal plane showed a dlstrlbutlon of the angles of the deflection.
;The form assumed by this 'polar dlagram' gave the desired measurement /‘
‘ of turbulence. A record correspondlng to the sides of a- conical,

”laminar flame of apex half angle, AL, appeared as two straight 1ines,

~ each radlatln downwards at an angle ( T T -k ') to the vertlcal and

meeting at the origin. which contained the undeflected light., The
opposite extreme is a section of flame front fluctuatm° 80 that it
is randomly oriented, In that case the deflectlons exhibited -

correspondin* randomness and the. resulting polar dlagram appeared as
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a diffuse disc, surrounding the point focus correspondingkto
undeflected 1ight. Intermediate turbulence levels resulted in

a picture between the two extremes. The magnitude of the deflection
recorded in the polar diagram due to a partiocular ray, was FO,

where F is the focal léngth of the lens or mirror focusing the
parallel beam and 6, the angular deflection suffered by that ray

on passage through the test zone, -

Since the randomness offorientation varies in different
regions of the turbulent flame, it was desirable to make the
.method suitable for'examining_those regions separately., To do |
s0 iﬁ was necessary to confine the parallel beam by means of some
'form of aoerture. Unfortunately, the aperture‘itseif introduced
diffraction effects which'led'fo the production of a characteristic
polar diagram even without any disturbance in the zone. ‘The |
difficulty was.overcome by designing apertures of such a shape
that their own diffraction pattern was readily distinguished from
the deflection pattern due to the flame, Both rectangular.and

‘triangular apertures were suited to this purpose,

A_schematic’diagrdm of the ootical arrangement is shown in
Pigure 5(a). The light was provided by 250 watt, compact source,
' mefcdry vapour lamp which was focused, by means of a condenser lens
Of‘4 cm. focal length, on to acpinhole; This pinhole was an
'd‘effective source for the coliimating'lens which was an achromatic »
combination of lm., focal lengﬁh’and waS‘situafed 80 fhat the pinhole
 was at its: focus, The parallel beam was conflned by a novable,
f‘aperture and passed through the test zone, 'The undeflected 1ight

- was focused to a point by means’ of a schlieren m1rror of 250 cm.,

*tjllen@th, a photogrwphlc plate beln placed at thls focus. Fivure 6

iga typical record of . a wire stabilized flame with its apex faC1ng

:downwards. The conflnlng aperture was a horlzontal sllt, 0.35 cm,
“wide, ‘und the indlvidual exposures of (10 s, duratlon) correspond to

. 4the 1it bﬂlng moved vertlcally at 0, 5 cm. 1ntervals. Thus the



‘A - effactive point souroe (pinhole; real source and
.oondenser not shown), subsoripts denote "steady" or "flash"
B - oollimating lensy C = refraotive index field under

investigation; D - sohlieren mirror; E - photographio plate;

S movabie slit; G - ring-shaped sohlieren aperture;
 H - high speed shutter; I - soreen of inolined slits,

FIc, 5. scmmc”mmm OF OPTICAL SYSTEMS
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_individual picturec commence in the near laminar region at the
base and indicate the increase of turbulence on travelling.
upwards away fron the stabilizing‘wire. The vertioel 1ine, at
the centre of each exposure, is due to the diffraction pattem
of the slit, |

2.4 Location of Instantaneoulelame Eront

The third of the optical methods is thet:for delineation of
‘the instantaneous flame front necessary for a check of thei |
fluctuating laminar flame hypothesis and a reproducibleldefinition
of turbulent burning velocity. For this method it is the
~ distribution of certain deflection‘producing elements of flame
front within the test zone‘thatiis of importence. The optical
system for the polar diagram method, if oon31dered w1thout its
confining aperture, provides the first seotlon of a oonventlonal
‘schlieren system where the record 1s taken at the point conjugate
wlth the test zone, ‘

It has already been explained how the strongest qualltatlve
evidenoe for Lhe 1nstantaneous structure of turbulent flames has
come from the use of schlleren methods.: They are, however, capable
~of much wreater refinement both in use snd 1nterpretat10n. One
tproperty that makes them attraotlve 1n the present context is. their
abillty to oharaoterlse and 'frecze' the turbulent flame surface. o
A further property, hltherto unexp101tod, is of fundamental 1mportance
here, - The recorded contour of an 1nstantaneous schlieren plcture__
must always be due to elements of flame front whose radii of
curvature 11e in a plane- perpendlcular to the dlreotlon of
"illuminatlon.' The marklng of any dlscontlnuity depends on the
angle of deflectlon of the. llvht belnm sufflolent ‘to pass the _
schlieren stop. Thus the schlleren imave is the locus of maxlmum -
deflectlon and is caused by: elements of flame front parallel to the
illuminating beam (equatlon 2.5). Elements aligned in other
'diLection must lie within the outermost sohlieren 1maﬂe and - glve

.‘rlse to smaller deflectrons (equetion 2 6) »It is the .use of.suoh
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contours in conjunction with mapping‘of the flow field by pertiole
tracks, that enables the problem to be reduced to two dimensions
because it permits the measurement of locel approach flow angles,

there being no component in other planes.

For donventional systems the schlieren stop itself usually

takes the form‘of a knife edae., In the particular optical sysﬁem
described above this would be placed et the foint'foous of the‘
. parallel light and would permit.paesage'of light deflected in.one
particular direction, That is not a property desired for'the
particular application of bhe.method envisaged here, The surfaces
- to be detected are those corresponding to the outermost'continuous
- flame surface as opposed to those ziving the naximum echlieren,_
“intensity. They can be aligned at any angle in a plane perpendicular
to the direction of illumination and so are liable to cause
defleotlons at any angle., Thus a schlieren stop is requlred whloh
will detect deflections in any dlrection. The condltlon is satisfied
by a small, opague, circular disc, whioh, for maxlmum sensitivity,
should be the same size as the 1mage of the undeflected light., A
- further consideration is that it is the boundaryvcorreepondlng‘tovtheg
outermost, eontinuous‘ridge‘that.is of interest. It is quite feasible
that the boundary might be marked by small deflectlons, giving rise

to 1itt1e 111um1natlon, and hence masked by large deflections, glving
| greater 111uminat10n, arising from elements of flame front other than
' those studled. To avoid this, the schlieren etop was further modified
_ to consist of a small, clear ring on an opaque background The
central opaque portlon corresponded to the stop described above,‘ ‘
whllst the region out81de the ring obstructed the passage of light
deflected through large antles, ‘Reference to Flgure 5 shows that :
wherever the. maximum defleotlon displaces rays beyond the outer
boundary of the clear annulus, there are temperature rerions, on
either side of the one causing maximum deflection, which deflect the
1ight throdgh the correct anjle to avoid the,opaquelparts OfAthe stop,

On simple, geometric, optical theory both these regions would be marked.
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. In practice, for the’flames under consideration they are sufficiently
close together to be masked by diffraction effects, It is these
effects which limit the sensitivity of the method, The single
diffracting discontinuity of the knife edge is replaced by the
eymnetrioel annular ring which, for deflections in any particular

: direction,‘acts as a double slit system, As the width of the ring

is decreased - corresponding to inoreased sensitivity - the
diffraction effects become enhanced making it more difficult to
identify the position of the. flame'e boundary.

As the method was designed to yleld instantaneous contours of
the flame surface the  time exposure had to be short enough to
freeze any fluctuetione. Once again the source has to fulfil
certain specifio requiremenée; unfortunately these were not
compatible with those for partiole track’ illumination, 80 that an
entirely separate source had to be developed. : ‘

- The exposure durabion necessary to freeze the flame o
fluotuatione was found %o be of the order of tene of microseoondeg
moreover the effeobive part of the eouroe had’ to be confined to: a»
pinhole in order to produoe parallel light In addition, provision
,had to be made for some form of continuoue running source for
alianment purpoeee. The latter Wee provided by the high pressure
mercury vapour 1amp, alreedy described, rooused on to a fixed pinhole
by means of e condenser lens, and was replaced by.the flash source

for the actual exposures,

The flash source - iteelf was provided by means of a channelled
air spark and ig shown echematically in figure 7. The principle of
operation was to dischurge;a-high voltage,condeneer through‘two :
epark‘ 7aps placed in series, one gapebeing the poinﬁ source, ﬁhe“
other a trirgerinv gap which could be energised by some external
- source operated by the camera shutter, Detxile of ‘the circuit are
shown in Pigure 7. The energy store was a .2-ch condenser whioh
wa.s churgod to 5 K, V by means of a radio frequenoy oscillator.
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Provision was made for coupling three slmilar condensers in parallel
 for applications where greater‘intensity was desired., A modified
notor-car spark plug was mounted on perspex above the charged
.terminal of the condenser to provide the trigger gap, the outer
case carrying the main discharge and the central electrode the
triggering potential, ‘The latter was provided by disoharging a
100 wwF condenser charged to 48v. through'the'primary of a 6v.
car coil, whose" secondary was connected to the trigger electrode,
and was initiated by opening the camera shutter, Triggering this
gap caused the main condenser to discharge to earth through the
main gap, providing the requisite flash, In order to minimise the
flash duration, the length of w1ring carrying the discharge current
was kept as short as possible. The net result of this arrangement
f'was a point flash of a few microseconds duration,
The optical system from the'pinhO1e onwards, ssrexplained at
fthe beginning of this section, Nas ‘identical to that used for the
npolar diagram method up to. the focus of the schlieren mirror. - The
:pnotographic plate was then replaced by the schlieren.stop and the
'*blate_itself plsoed conjugate<withuthe fest zone. This is the system
".shown in Figure’5(c) which was the .original erperimental arrangement,
Two inpro#ements were subsequently incorporated, The first was to
discsrd the collimating lens since it was found, in practice, that
’the focal 1ength of the'schlieren mirror was such that'light from
| the pinhole itself falling on the mirror could be reaarded as parallel. .
'The second was to reduce the overall 1ength of the optical path to
fmake the method lees inconvenient for use in the llmited lsboratory
Af:space available, and enable 35mm. film to be used for the large
‘number of records desired, This was facilltated by the use of two
“similar microscope obJective lenses of 2, , 5em, focal length subsequent
jto the schlieren stop, The flrst ofAthese formed a small 1msge of
the test zone, near its focal plane, which acted as an aerial ocbject’
for the second lens, whose position was adjusted, until it gave an
image of the test zone of the desired magnification, This image was
- focused on'to the‘screen,of’s Pentacon 35mm. reflex ocamera from whioch
the lens had been removed. ‘The flash source wss'synohrcnised to .the
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fooal plane shutter of the camera which was set to a speed of .ls,
to enable the complete picture area to be exposed when the shutter
was fired., About fifty records of each individual flame were made
- on Adox KB 17 film developed in "Beutler“ high resolution developer
for 12 mins, at 20° C. The final alignment of the system, before
exposure, was made using the continuous source and with a flame
present in the test region, so that allowance could be made for
deflections due to the hot products surrounding the main flame,

A typical record is ehown in Figure 8,. | |

2.5 Time-mean Distributions of Refractive Index

The last of the optical parallel light methods is for the
measurement of time-mean distributions of substances of different f

(13)'has used‘helium as a tracer

refractive indices., . Westenberg
‘and has measured its concentration by means of probes, downstream

of the 1njection point, and in so doing has deduced the turbulence

' present. Unfortunately the method suffers from all the’ disadvantages

of a probe teohnique in that the geometry of the original flow is

_ iiable to be disturbed by the presence of the probes themselves, If
quantitative optical measurements of deflections can be used to

deduce the concentrations, one source;of‘uncertainty is removed,

To do this it is necessary tc.introduce sone refractive index
different to that of the main flow, .Also, for quantitative measurements,
it is desirable to assume a two dimensional model with no variation of
optical path along the axis of the illuminating beam. Thus the

| 'techniques here described will be best suited to conditions prevailing
on_long, slot burners. A natural subdivision of the use of the
method‘euggests itSelf here; between regimes where refractive index

' differences'are already‘present and those where they have -to be .

induced artificially (e.g. a stabilized flame a.nd cold flow), The .
former is the most promising as regards the present work. Deflection
mapping teohniques have proved a very"potent tool in thebinvestigationi
of flat 1am1nar flames (e g.(30 31)) and may be regarded as the
quantitative vereion of the polar diagram methcd 'in so far as they
indicate magnitude and distribution of the deflections over the test
.zone, In this case the undeflected light is confined by a series of
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FIGURE 8 - INSTANTANEOUS SCHLIEREN CONTOUR OF TURBULENT FLANME
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‘perallel, inclined slits so that deflections show up as distortions
of the regular slit pattern. The magnitude and direction of the
time average pattern can be used, in conjuhotion with knowledge of
gome mean flame position, to deduoe‘the'&istribution of :efreotive
index, If it is aeeumed, on the basic ooncept of the instantaneous
__flame surface, that the flame front is thin oompared with the
‘amplitude of the corrugations the method will lead to a measure of
‘the time-mean distribution of produots and reactants, The flame
may be considered as a surfdce of dieoontinuity-eeparatingvproduots,
of refractive index, f‘p’ from reaotahte of refractive index, I

Equation 2,3 may Be writfen as
. N "' ‘ x." .
Ean 63 ‘|l T d::c . (z lo)

0.
L where c! is the velocity of light within the medium and is equal

to ‘c where ¢ is the velocity of light in vacuo, ,w
In the turbulent case, c' is replaced by its mean’value, o',

and the concept of the optical path S : S
D ff»doc f -.=‘=== - (2ze)

becomes useful. Integrating

D

o | S i  ‘ L B
¢ = _9.2.(. TR o (2.2b)
Substitution in equation 2,10 gives

tmwg X 2 o o (ste) 
e N T
AWthh may be 91mplified to -
B = __i:q; ()
" dy o |

which is virtually exaot since even in-the worst possible case,‘
(i.0. for cold gas) g differs from unity (or D,fromAX)‘by less
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than 3 parts in 104. Expressing D in terms of the volume fraction,
£y of hot products at any height

'D X['P“.- £ (per- 'f*'p)] ‘. _.  (24)

substitution from equation 2. 13b gives

6-—x[1»,- -m_—]_f ~ | (2-'6’2)'

or, numerically, considering all deflections towards the cold gas

{ ) X(w— ) j

In the work on laminar flames, to which reference has already

9':1'5 | '(.2"5 b)

'vbeen made, distributions of ray deflections were mapped by recording
1ithe 1maves or shadows of inclined slits, through which a parallel
, &beam of light was pessed. The beam was also parallel to the plane
'ﬁof the flat flame which it traversed, ‘and the confining slits were
iinclined at an angle of . 45 to that plane.‘ The .simplest optical
fsystem is shown in Figure 5(c) and corresponds to that used in the
'*bpresent investigation. The displacement of any part of the slit
-from its undeflected posmtion, determined by reference to the
‘undisturbed portions of the slit image, was simply (x8), where x
‘was the distanoe between test zone and photographic plate, " The
optical arrangement Figure 5(c) was the same as that adopted for
the polarldiegram method as far as the test region. The latter
contained a wedge-shaped turbulent flame, the long side of which

- measured 3.0 em. and'was’parallel to the illuminating beam. The

- record shown in. Figure 9 was obtained on an Ilford N40 Process Place
placed 1m, from the test zone. The photograph was exposed for 1 min.'
'Yand developed in Ilford PQ Universal Developer.
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FIGURE 9 - INCLINED SLIT RECORD OF TURBULENT FLAME
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The dispributien of £ and in partioular its approach to its
two extremities of zero and unity; will be shown later to be of
fundamental importance in estimating the shape of the mean
corrugations. Such information can be deduced, as shown inbthe
preceding theory, from the shape of thepdeflection profiie.

Figure 10 shows the record obtained with a similar optical
arrangement (except that the distance between test space and
plate was 3m.) applied to the spread of heat from a coil of length
1 cm,, diameter 1mm,, wound from wire of 0,2mm, diameter placed in
the cold flow- stream, The coil was heated eleotrioally to about
600° (VR Time-mean distribution of heat, and hence transport :
properties, are calculable from the record. The method was not
developed further ‘because the length of coil necessary to achieve
_ adequate sen81tivity made it unsuitable for use in oonjunction with
'fthe relatively small burners employed in the rest of the study



PIGURE 10 - INCLINED SLIT RECORD OF HE‘.-ATED COIL
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CHAPTER 3 OPTICAL METHODS - RESULTS

3,1 Burning Velocity of the Instantaneous Flame Front

The time average, local burning veloocity, 8., of the
instantaneous, corrugated, fluctuating flame front was obtained
by combination of the particle track records of seotion 2.1 and
the frozen flame contours of section 2.4, '

1 The?definition of SL is derived from that for the local

burning velocity in laminar flames and is expressed by the
turbulent form of equation 1.8,

S, - v 8in | | (3.1)

‘where v is the local mean approa._ch velocity and sin@ the local ..
‘mean value of the sine of the angle, ¢, between approach flow
and flame surface, (L\T_.__li_,_ T is taken throughout as representing
t‘im_‘e, not distance, mean), The equation in its above form, is
unsuited to direct ‘me:asurement because of the rapidity and
‘randomness of local changes in #, both from record to record and '
-‘,a.ox"oss a burner diameter (e.g. Figure 8). Reference to ‘Figure 1
éhows how equa.tion 3.1 may be ;'e-writﬁe.n in the form: |

[gp];é(_‘gx{) G

where Sh represents S averaged over a particular incremént of

,radiu:s-, Ar, and A1l is the corresponding length of flame surface,
as delineated by the outermost schlieren contour, For a CO_néta.nt

value of A r, averaged over m records, the eciua.tion becomes:
=1 - Ar l_‘ : »
| [SL]. = v _;;Z Al - Gz

where all teruis on the right hand of the equation can be measured
directly. o ' '
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For purposes of analyeis the radial .section aoross the burner
mouth was subdivided into six equidietant zones, for each of which
mean velocities were determined from partiole tracks and mean
lengths of flame surface from instantaneous contours, The numbex

~of contours necessary to give a reasonable statistical average of
length, in a partioular zone, was found by increasing the number

of samples until further increase:yielded'no significant change in
- the average., 40 - 50 records were found to be adequate. Actual
‘measurements were carried out on enlarged, projected, imagee of the
original records, -

Because of the large number of records involved, detailed
analysis was restricted to two flames; They were of the same
reactant composition = stoiohiometric propane/air.b Both had fairly

uniform distribution of mean velocity over the burner mouth - the
values being 367 and 147 cm./s., respectively. Intensities of
turbulence, measured by partiocle track deviatione, near the axis,
were 18 and 12 cn, /e., about 5% of mean approach velocities. The
effective scale of turbulence was assumed to be 1.8 mm., the spacing
of the turbulent grid ‘

The same type of burning velocity measurement was: carried out
on laminar flames of similar composition and mean flow, 379 and
252 cm./a., respectively, to the turbulent flames, Laminar[flow
was attzined by replacing the turbulatcr with a conventional, flow
straightening, flame trap matrix., Analysis was far less arduous
because the time constancy of the eyetem meant that only one flame
contour had to be measured,

Rebults for the hizher flow velocity are shown in Figure 12;
for the lower velccity'in Figure 13, In each case ourve 1 represente
the apparent local burningz velooity of the laminar flame SL

curve 3. the equivalent burning velocity for the instantaneoue ’
corrugated eurface of the turbulent flame, SL'
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3.2 Turbulent Burning Veloocity

The fundamental nature, in terms of real flame surfaces, of
the instantaneous schlieren contours, enable them to be used in the
construction of artificial, but reproducible surfaces for use in
definitions of turbulent burning veldcity, Spe ' Its definition may

either'be in terms of an average value across the burner mouth, in

which case the turbulent form of equation 1.9

(3.3)

ST,av.

g

holds true, where V represents the volumetric flow rate and A the
artificial surface area; or a distribution acrdss a burner diameter,
in whioh case equation'3.1 applies and the arbitrary flame surface is
used to define f#.

Individual schlieren contours wefé superimposed (e.g. Figure 14)
~and used to construct regular smeoth'éurfaces at the ‘maximum
concentration and innermost loci, The surfaces were used, in. turn,
to define average turbulent burnlng velocitles (11nes 4 and 5 1n
Pigures 12 and 13). The locus of maxlmum concentration of
instantaneous contours was also used, in conjunction with partlcle

tracks, to derive a dlstrlbution of ST,across the burner mouth

(curve 2 in Figures 12 and 13).

3.3 Interpretation of Laminar Burniﬁg Veldcity

| The "wrinkled laminar" flame hypothesis, in its simplest form,
likens each element of instantaneous turbulent flame front to an
element of a freely propagating, infinite; plane, laminar wave,
Even lamlnar flames stabilized on laboratory burners depart from
this idealised model and an understandlng of relevant departures

prov1des an essential bas;s for 1nterpreting turbulent_flame results,
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FIGURE 14 - SUPERIMPOSITION OF INSTANTANEOUS SCHLIEREN CONTOURS
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Burning velocity distributions obtained with laminar flames
(curve 1 in Figures 12 and 13) show three distinot regions,

Starting from the'burner rim the burning velocity rises (region 1)

to a platean (2) at a value of 40.4 om./s, - which represents good
agreement with similar measurements by other workers 8 and then -
-peaks to the mean axial flow velocity. Region 2, away from extraneous
boundaries and regions of high flame curvature, approximates closely
to the modelling conditions described above. In rbgion 1 the burning

: velooity is reduced (as disoussed in Chapter 4) by entrainment of
surrounding atmosphere and . by quenching at the burner rim, Neither
effect need concern us in detail here as we can oonfine interpretations
- of burning velocity to central regions of the turbulent ‘flame remote |
from such boundary layer phenomena, The apparent inorease in burning
~velocity at the axis must be fully understocd‘as‘it 1s associated with
flams curvature, an effeoct whioh is oommon to, although different in,
‘the frozen turbulent flame,

Figure 15 illustrates the relation between flow field and flame
position for a conical laminar flame, In the absence of buoyancy
- and viscosity effects the conservation of momentum requires flow
line's and constant pressure surfaoes to form an orthogonal system,
The flame is characterised by a series of . oonstant.tempsrature surfacee_
Which, in the reaction zone, are ooincident with constant composition
surfaces, Flame area may be defined by any one of these constant .

“temperature surfaces,

A uniform approach flow oan, far upstream of'the flame, be :
divided into a series of similar parallel flame tubes, Conservation
of mass can be applicd to all of these flame tubes between stations
far upstream, as desoribed, and the pomnt where they oross any,

arbitrarily defined, flame surface. '
Thus, . P d9° = (:.'—u— .:H-) | :' (3.4)

l'where f> is den81ty, v velocity and dA area of the streamtube and
subsoripts 'o and f apply to. conditions far upstream and at the flame.

1
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‘The fundamental definition of laminar burning velocity,
SL’ is of volume flow, far upstream, divided by flame area,
Applying this definition to the general stream tube gives:

5, = *—f‘-'a%ﬁ,’f- (3.5)
Reference to Figure 15 shows that, away from regions of
strong flame curvature, the sides of the stream tubes remain
very nearly parallel on paeaing‘through the flame, so that all
definitions of flame surface give rise to similar areas, dAl,
The result is no longer true for stream tubes paseing through
regions of strong flame ourveture, in partioular, the stream

- tube passing through the apex., Here the flame e.:cee., dA', and .

hence the burning velooity will he critioally dependent on the

"flame eurfaoe ohoeen.

Solying eQuetions'3;4iehdv3.5 Bimqltaneougly'yielde

-
L
(R

It will be shown, in Chapter 54 that for the flames studied,

”};ithe prassuze associabed with the ‘momentum of the flow is quite
",[‘;negligible ocompared with the. absolute preesure.; Thie result will
) be antioipated for the present in thet a constant pressure eystem

: :‘will be aseumed.‘ Under such oonditions, and for a fixed reaction

eoheme, density may be expreeeed as & funotion of temperature alone.
jTHue-equatton 3.6‘beoomee\.

" =5, grr) U (36a)

%o
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" If the laminar burning velocity, S, is a fundamental propexrty

of the reactant mixture, equation 3, 6a defines, uniquely, the :
* correct surface to be used in area measurements for burning velocity.

Fristrom and Nestenberg(33) have shown, by very careful use of -
particle tracks with sub-atmospheric flames, that this eurface
corresponds to that marked by the onset of luminous reaction,

Figure 15 also illustrates the deflection of the flow lines that
* ocours immediately upstream of the flame because of pressure
redistribution caused by the. momentum generated by the expansion
aoross the flame. Particles cannot follow this reorientation of
flowline exactly, because of their inertia. Nor oan their tracks
measure acourately velocity changes in the direotion of flow that
~take place within the Bcale of those tracks. However, away from .
regions of strong flame curvature, the use of both’ particle traoks
and the schlieren imaae for measuring burning ve1001ty represent a
",good approximation. The partiole tracks measure the far approach

i velocity, as defined in equation 3. 4, whilst the sohlieren 1mage,

B althouph in the ‘wrong position, yields the correct area, and hence
.;marks the: correot angle, for use in the 2D definition of burning
velocity of equation 1.8, Results obtained near the apex of the

flame are in error because of “the strong divergence of central

o ‘stream tuhes.

3.4 Shape of Instantaneous Flane

It was explained in section 2.5, how time mean deflections of

“_'inclined slit patterns, of the type shown 1n Figure 9, can be used

. to determine the average distribution of products and reaotants. '
'.If the-flame be. regarded as aﬂcontinuous surfaoce, marking their
boundary, it is possible to deduCe»the‘everage shape of this boundary
from'the above distribution., - Figure 16 illustrates the reverse
process - deflections are predioted from knowledge of flame shape.
Bach of the three columns corresponds .to the'flame;shape‘shOﬁn,at
ite head, Records, like Figure 9, obtained with turbulent flames
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'on 2D slot burners, show the form of the last column, Thus the -
mean flame surface is asymmetric., When viewed from reactants,
the concave surfaces have much greater curvature than the convex

ones,



'CHAPTER 4 _ ELECTRICAL METHOD AND RESULTS

4.1 Description of Method - ' o | “

When a flame which is 8 sufficiently weak ion source, is'
plaoed batween two electrodes and a graph of ourrent versus applied
voltage is plotted, an extended plateau oocurs at that current which
corresponds to the total rate of generation charge. The condition
18 one where charged particles, formed in the combustion reaotions,
are removed faster than they are able to re-combine. Measurement
of the plateau current has been used to determine rates of ion
- generation in a variety of premixed laminar flames(35’ 36 37)

.It has been established, for an adiabatic flame, that the current
drawn per unit area of front, j s 18 a oombustion property of the

reactant mixture and is related to the total saturation current, j '

, ‘and flame area withinlthe electric field, A, by the simple expression:‘

J o= A (41)

'8 '8

' Equation 4 1 represents the baeis of powerful analytical methods
“,'for use in flames of premixed reactants. If J be known, measurement

';of J vives immediate access to A. . Even if j is not known explicity,
: .measurements of J at different flow rates, for the same mixture, give

' area ratios. The method is particularly valuable for irregularly
‘ shaped or fluctuating flames where the more usual means of measuring

'.ared can no longer be applied.

In addition j is strongly dependent on tempereture s0 that,
under appropriate conditions, measurements of J can be used to

) determine, monitor or oontrol temperature, or its causative parameter,

'mixture ratio.
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4,2 Relevance to Problem

Mensurements of flame area via saturation current have two

. further characteristios which make them potentially attractive

. to the study of premixed turbulent flames. Firstly, the time -
rasponse is rapid (ionic drift velooities are up to 10° om. /5.,
aleoctronic drift velocities are much greater); secondly, the
measurement of flame area is indopendeht of ita spatialrorientation,
providing the basic propagation process rerains unchanged.,

For constant reactant oompoaition and approach oonditiona,
in an adiabatic 1aminar ,flame, the volumetrio flow, v, is related
" to the burning‘velooitJ, SL’ by the,iaminar version of equation 1.9

AP
it
. o < . ot
\ . ) .
/
P "

» - when combined with equafion 4.1 thiongives

s Cil4e2)
- B

s el

N :‘I"" ' ' : ,:‘ . l\:‘ '
; If 1t can be shown, for laminar flames, that j is proportional ,

Yo V, independent of geometry, then the "wrinkled 1aminar" flame
'front hypothesis -demands’ that the same proportionality should hold

 true for turbulent flames, Maintenanoe of the relation is an

essential oondition for, but not final proof of, the hypothesis.

4.3 Conditions for Method to Work

Several_indopehdenfgrequireménts7remain to'be‘satiafiedfboforé
" saturation currents can be obtained and used to interpret flame
processes. The most importantbwill now be oopsidored.
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Flames must be set up which cany at constant mixture, be
stabilized over a range of flows wide enough to inolude laminar,
transitional and turbulent flow and to enable trends to be detected,

Saturation plateaux must be obtainaole at all flow rates,
The. muin limitation to the measurement of saturation ourrent is
'due to the onset of secondary ionization 4t the eleotrode surface
and is caused by the field locally exceeding its critical value.
The growth of field strength towards the electrodes due to spaoe

“charge has been analysed 'in detail (30 35)

aauss's Law states _that. the flux of inductiOn across any
, fclosed surface is equal to 41r tlmes the charge contained within

that surface,

' where E_ is the field perpendlcular to the element of- area dA and

o ficb is the charge within the closed area.»r
Por a 1D system with field components in the x directlon only,
k equation 4, 3 become9°‘ S

aE SRR aa

ix - 4w (n+ - n_)e . o ,(4f4)
o wheren+ are the number of + ive and - ive ione, each carrying -
| ‘charge e.
"The current; Jy at any boint is given by

=3, + = (Kn, -Kn)Be  (45)

where the K's are the ionic mobilities.'
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Outside of the reaction zone'of‘the flame there is no charge
generation and the charge, in any given volume, is monopolar,
Combining eqnation 4.4 with equation 4,5 gives

dE T : T
. 4Td e
Integrating P = E027+ 8T jx - (4.7)
. X

where B i8 the field at any point in the electrode space outside

the reaction zone,

If the electrode space is filled with produots the negative
| -chaxrge oarriers stay as electrons. with much greater mobilities (by a
~ factor of 10% - 103) than the heavy positive ions. As long as the
vi'applied.elsctrode potential. is less than, or equal to,ﬂthatirequired '

fto extractesaturation currents from the‘flare, Eo may be”fagen as

~ zero at the reaction boundary facing the anode. (The essumption
‘here is that the electron mobility is infinite compared with that .
~of the positive ions) ' o

Maximum field strengths occuy, due'to.the build‘up*of spaee
charve,at ‘the anode. Ir Eb is the breakdown-field,‘(the maximum
-that can be supported by the charge carrying medium W1thout leading

to secondary ionizatlon), the limiting saturation current density,

| _ Jb, whioh svoids ‘breakdown, is ‘given by substituting Eo =0in -

'~ equation 4.7.

R S e

where'x‘islnow the_distance of the eleotrode from the'ion source,
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It follows that some flames could be too rich in ions,
~particularly where small electrode separations are impracticable,
‘to.yield legible saturation plateaux. As a numerical guide, a
breakdown field strength of 30 Kv/cm., COrreBponding to dry air
at 5.7,P,, with an electrode 5mm, away from the flame surface,
gives a maximum current den91ty of approximately 250 r&A/cm .

for the mobility of the H3O ion.

‘if saturation currents are to be explained in terms of flame
processes other potential sources of ionization (i.e, productS)
must be nevligible. Direct experimental check of this assumption
- will be presented later, '

Accurate control of mixture- strength is essential over the
~whole flow regime., It has been found that 60° rise in final fiame
',temperature, for some mlxtures, ‘corresponds to doubling the
saturation current. As 60°C rise is equivalent to increasing the .

‘fuel flow by only 15%, the need for care is obvious.:

Figure 17 shous some typical saturatlon current denS1ties

| plotted against equivalence ratio, - These were obtained(35) using
flat flames on a porous pluu_burner and extrapolating the results

to zero heat loss. They give some guidance towards. the:chOice of
fmost sultable fuel/oxldant comblnatlons in the light of the foregoing

dlSCuSSlOnS.

,‘ Barly tests on laminar flames gave sstisfaotory saturation
currents with methane/eir mixtures.' The increased volumetric flow
‘rates necessary for turbulent'flames did not allow the pleteaux‘to-
. establish before the onset of secondary 1onization. The bulk of
the work was therefore carried out with, the more weakly 1on121ng,

mixtures of methane/oxyﬁen.
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4.4 Burners

Various forms of piloting and grids were used, at the burner
mouth, to prevent flash back, at the lower laminar, and blow off,
at the higher turbulent, flows,

The main burners were made from glass tubes; ranging‘from
0.57 to 1, 6 oms, internal diameter, BEach was long enough to allow
pipe flow to become fully established within the turbulent regime,
All incorporated a flame trap at the input end,

Flames were stabilized on the smallest burner by passing a
'fraotion of the total flow through a surrounding‘annular:pilot, set
.‘up by shething the burner tube in a metal tube tb&t was both longer_

- and had internal diameter slightly greater than}the external diameter
'of the burner. tuhe'itself. The latter was centralized by a leyer of
'crimped flame trap material and the pilot flow was restricted by

iwindino Sellotape around the burner tube - the optimum thickness

beinv found by trial and error,

Stabilizing grids replaoed,thetannuler pilotlfor the larger
diameter burner tdbes. These Were made of clusters of parallel
querti tubes, 0.3 to 0.4 mm. external diameter, leid on the burner a
~ mouth and spaced'equidistantly'acroes it. The grids served both
' to prevent flash back, at. lower flows, and ‘to provide stabiliz1ng

- ‘wakes at the higher flows,

4.5 Flow sttem

The £low system is shown diagrammatically in Pigure 18,
‘Methane and oxygen were drawn from separate cylinders and metered
independently by Rotameter/manometer combinations before mixing in
"a sesled Bunsen burner- nozzle and passing through a mixing tower
‘pzcked with 3lass beads, - The flow was then split two ways - part '
‘.pnssina throuzh a calibrated Rotameter, to the burner, the remainder
through a bleed 1ine for discharge outside the 1aboratory.4
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To maintain consistant fuel/oxidant ratios throughout and
between the tests, the fuel and air Rotameters and manometers
were set and adjusted to haintain constant flow and pressure
readings, as the burner flow was altered, Allowance was made
for atmospheric pressure variation in setting the fuel/oxidant
readings, Pressure drop across the burner itself was found to he
small and was ignored., Burner flows are. quoted in terms of
volumetrioc flow rates at N.T.P.

4,6 ZElactrical System

The electrical system is shown in Figure 19, Its purpose was
to provide a variable voltage acrous, and measure the resulting
current drawn from, the flame., A neon safety device, which
~ discharged to earth when subjeoted to excessive potential difference,
was wired in parallel with the ourrént meter (a Pye:Soalamp mirror
galvanométer) to protect the latter from serious overload by erratic
‘and sudden ‘Lncreases in ourrenf, caused by breakdown at high VOltage
departure from the saturation plateau, Driving potential was provided
by a 0-30 KV D,C, Brandenburg generator,'typefs;0530/10, and was
measured on an integral Qoltmeter. Traneient records were displayed,
‘when required, on a Telequipment osoillosoope, type D53, oonneoted
between points A and B of the cirouit.

_ Three},alternativé, flamé eleotrode systems Were used, the
.cholce between them being dictated, in"éomeipart, by the particular
test of interest at a given time. The first set of electrodes
- compriged a pair of. parallel, circular brass dises, of 15 om, diameter,~
set vertically, with the burner mouth and flame between them, The
second electrode system conslsted‘of_a metal tube- (or thick wire)
surrounding the burner MOuth’and 5 stainless steel jauze, mounted on
a brass annulus with a 10_om.’diameter.hole cut ouf of its centre,
Mplaoed horizontally and dentrqlly to the_burner axis, above the flane,
During'tho study it was realised that seoohdary emiasion'frdm the
rcd hot gauze was causing lhcorrect readings of saturation ourrent,
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The third electrode system was a compromise between the first two
which overcame this difficulty and consisted of one of the vertical
disc eleotrodes, above and slightly to one side of the burner, used
in oonjunotion with a conducting burner rim, |

‘Wherever the burner was used as an electrode it was maintained

negative to maximise breakdown voltages.l

4.7 Laminar Flames

Several sets of preliminary tests'were carried out on simple
-laminar flames in advance of the main tests.,‘Their objective was
to establish the method and interpret its results under well behaved -
and oomparatively well understood, flame‘situations. The specific |
features tested, experiments and conclusions drawn, are enumerated

'below.

The earliest experiments wereiaimed at oheoking the predictiOns
of laminar flame behaviour made in equation 4.2, i.e, verifying that
':saturation current was proportional to volumetrio flow rate, Methane/
air mixtures were used for these tests which were carried out on both
regular and irregular shaped flames with no detectable difference, .
 Well defined saturation ‘plateaux were obtained and saturation currents
jare plotted versus volumetric flow in Figure 20. Equivalence ratio
:WaB allowed to vary as indicated in the table. That the graph still
turned out to be a. straight line, passing through the oripin, igs of
great importance in 1nterpreting later results.

The remaining experiments were oarried out on methane/oxygen

' mixtures to reduce ionization densities and aeoommodate'the
potentially higher saturation ourrents brought about by the inoreased
: flow in turbulent flames, It was found, with the flames and

) geometries of interest, that clearly defined saturation plateaux

- were obtained with total saturation currents of 10 *bA or less,

Thie is more than adequate for the method a8 applied to the present
investigation.
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- that product ionization is negligible, The assumption was tested.
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Previous measurements of saturation currents have usually

been under oconditions where positive ions and eleotrens, once
separated by electric fields, remain physically'separated, without
any possibility‘ef undergoing collisions leading to recombination,
The present situation is different in that a given line of foree

may be ocut by several flame surfaces and that both poaitive ions

and electrons can populate the region between the bounding surfaces,
.leading to the possibility of recombinative collisions, The effect
was checked experimehtally by use of two'similer small conical flames,
In the first test they were placed side by side between the vertical
(first) electrode system described in section 4.6, so that current
‘from‘the two flames reached the electrodes without mutual inte:ferende;
in the second test the flames were pleced 'in line' so that charge |
-from.ene'fléme traversed the other, No_differenoe in saturation
~ourrent was detected, and it was concluded th&t.the:e was no
detectable recombination in the region of coexistenoe}

To interpret saturation current measurements it must be aseumed1

3

‘experimentally, using the horizontal (second) electrede arrangement“i
of seotion 4.6, by varying the.eleetrOde'eeparatieh;:i.e; the height
of the positive electrode above the burner mouth, in the presence of

| a standard flame., The cohstandy'ef the saturation ocurrent thue‘n

‘obtained demonstrated the unimportance of produoe ionization and the’

'validity of the original assumption. ‘

| Experiments were carried out to check the influence of the
'flame stabilizing grids (eection 4.4) on the saturatien’current ,
The reactant mixture and flow rate chosen for this test were such
‘as to enable a coniocal laminar flame to be etabilized on the.
unobstructed burner, without grids, as’ well as on the grids

themselves,
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The results are shown in Figure 21, and are included, rather
than just mentioned, because of their dual importance in both the
present context and in later interpretations of flame processes;

- Conical flame results are represented by‘circles,'grid stabilized,
~multi-peak flames by squares. There is no detectableldifference in
saturation current although the shape of the- current/voltage
characteristics differ slightly because of the different flame
geometry., The similarity in saturation ocurrent for the two cases

- is taken to indicate unchanged local flame processes., The possible,
but less probable, explanation that compensating changes in local
current density occur at base and peak in the grid system is not
favoured, because of the elaborate chain of balancing arguments
required to explain the obeerved result.

4.8 Saturation.Current Variation with Flow Rate

Reaults of saturation current plotted against volumetric flow

‘rate are shown in Figure 22. A1l the points are taken with a
d-methane/oxygen mixture at a constant equivalence ratio of 191 of
stoichiometric. -The different curves correspond to fully developed |
pipe flow in.burners cf W57 and 1, 15 om, internal diameter respectively;

the . curves are related to the applicable burner in the legend. The .
| plote’ wereireprcducible and several sets, each»exhibiting similar
‘characteristics, were obtained_at‘slightly different mixture ratios,

_  The lines ccrresponding to each of the burners shows the same
pattern of near linearity followed by a sudden diacontinuity of

slope to a curve of lower gradient than the original line but one

in which the gradient is steadily increasing. Over the flow range

'tested, with the accuracy of result obtained, it is not possible to
sSee whether the gradient of the curved portion»of the graph eventually

©  achieves: that of the straight line, For each burner the disccntinuity_'

- was’ observed, audibly, visually'and by calculation cf transitlonal
Reynolds number, to 001ncide exactly with departure from. steady laminar .
flow.' ' ' '
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Breakdown always appeared to originate at the centre of the
flow and was reoognieed by a rough epitting whioh coincided with
the apex of the flame flashing back from its stable, laminar
position towards the burner mouth., At the oneet of turbulence
the frequency of the effeot was 2 - 5 Hz, whioh increased with
. the increasing flow, Conourrent with the increase in frequenocy
the flame appeared more stable and_the rough spitting changed to
" a smoother roar,

Displacement of the straight line (laminar) portions of the

curves for 1.15cm, burner results, from a line passing through
. the origin, was first attributed to quenching at the outer rim of
the burner, with the intercept on the absocissa indioating the
effective volume flow lost by that qmenohing. However, two sets
of experimental rasults, elready described, are inconsistent with a
such an explanation, |

~ The saturation ourrent against volumetrio flow plots for
'methane/air (described in section 4.7 and illustrated in Figure 20)
- were obtained at similar volume oonoentrations of methane (and hence
overall heat release) on similar main burners to the present results,.
yet pass through the origin, Were quenching the reaeon for the-
:'dieplacement from the origin in Figure 22, similar displaoement
."ehould occur on the earlier graph, ‘ ’ :

The other, apparently enomaloue, reeult is thet of seotion 4.7
" where’ introduction of . flame stabilizing grids (4, e. comperatively
‘;:cool, eolid eurfaoes at the base of the flame) failed to affect the

1

meaeured saturation current, L ‘

. The disorepancies are explained in terms of entrainment :around
the burner rim, Recent results of sampling aroumd’the periphery of
premixed flames on euch burners, followed by mass epeotrometrio
analyeie (1) have euggeeted that the effect may be important.~ The
main differenoe between the results in Figures 20 and 22 lies in the
oompoeition and flow ratee. More speoifioally, nitrogen preeent in .‘
'!the former is replaoed by oxygen in the lattor. Refarence to
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Figure 17 shows a peculiarity of the methane/air system in that
saturation ourrent densities are insensitive to equivalence ratios
around stoichiometric. This is not true at similar fuel air ratios

" in the methane/oxygen system, Further confirmation comes from the
linearity of the results of Figure 20 despite the variation of ,
- equivalence ratio previously highlighted. Introduction of the flame
stabilizing grids would not be expected to alter appreciably |

entrainment from the surrounding atmosphere around the burner rim,

The foregoing explanation predicts that the saturation current
 volumetric flow curve should pass through the origin - in the limit
zero flow would correspond to zero entrainment. If the results of

' Figure 22 for the lowest flow rates on the 1,15cm, burner are carefully
re-examined in the 11ght of the present interpretation it can be seen.

o that theyiequally well lie on a smooth curve passing through the

”Origin.:‘Deviation from linearity, in the laminar'region, brought
‘about by this effect is small, when compared with the discontinuity
ooCurring on transition to turbulence, and-does not detract fromgthe
validity of the method. A |

The more fundamental question that has'now to be answered is

- whether the discontlnuity oorresponding to transition could be

: explained in terms of alteration in entrainment from the surrounding
atmosphere. It is important to differentiate between entrainment of
'.the ambient atmosphere, which is a function of burner geometry, and
that of products, which need not be.' The former is likely to be a
boundary layer effect which achieves greatest importance on small,
1aboratoryuburners; the latter a more fundamental aspect of turbulent -
flame propagation, The available ev1dence suggests that entrainment
~of ambient atmosphere does not explain deviation from the-extrapolated
laminar line. In Figure 22 the greatest deviation occurs for the,

’ piloted flame which is not subject to entrainment, The main,‘turbulent
flame is protected from the ambient atmosphere by the laminar piloting '
sheath and so should experience least 1nteraotion. In addition, the
flow first breaks down away from the boundary layer,‘wnioh retains its
laminar character during the early stages of transition, yet the
discontinuity is sharp and always coincides with the first departure

from steady conditions.
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4,9 Steadily Oscillabing Flames

In an attempt to see if the discontinuity of the previous
gection was caused purely}by the flame's motion, saturation
currents of 'singing' flames were compared with those of laminar
flames at similar flow rates. Osoillations, of 1300 Hz,'were
introduced into the reaotant flow by passing it through a small
nouth organ upstream of the burner mouth, Thickening of the flame
brush was just visible to the naked eye, However, no change in

saturation curcent was detected,

4,10 Time Variance of Saturation Current

‘Time variation of the saturation ourrent of turbulent flames
was reoorded by placing an oscilloscope across the resistance chain
“of Figure 19 and photographing the resultant trace ueing a Polaroid
oamera. A typical record, including both turhulent flame and blank
" trace, is shown in Figure 23. The horizontal time - 8scale represents
5ms./om., whilst the vertical soale corresponds to 1V/om. and is
measured aoroes 1.2 ML, - Strictly speaking the steady, 50 Hz,
meins hum, recorded on the blank traoe should be eubtraoted from the
.record of the turbulent: fleme.i Nonetheless, it is oleer that there
‘oan be a 20% variation in saturetion current over a time interval of -
3ms, . '

" In terms of the original theoxy, as expressed in equetion 4.1,

. the above variation would correspond to turbulenoe induced -
'jfluotuations in instantaneous area,'A,' When coupled with the reeults
: of section 4.8 it oould represent fluctuations in both A-and the
_saturetlon ourrent density, j « Bither way it is e measure of

temporel inhomopsneity averaved spatially over the flame.'
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CHAPTER 5 DISCUSSION

5.1 Comparison with Laminar Flames

A constant theme running throughout the present, and all
“previous investigations in similar regimes of turbulence, has
been the comparison between the burner stabilized, pre-mixed,
turbulent flame and its better understood (because of its time
constant properties) laminar counterpart.,

Visual differences between laminar and turbulent flames,

- stabilized at similar mixture ratios, on the same burner, are

qualitatively understood. On tubular burnens, with'edge

stabilization, the laminar flame is conical and symmetrioal with

& well defined luminous zone, whilst the turbulent flame is

characterised by the familiar, diffuse flame brush, Instantaneous
~ photographs of short enough duration to 'freeze' the turbulent '

.. flame cannot be taken by its own light, '’ Reoords taken using an

~ external light source by schlieren (e,g. Figure 8), shadowgraphy -

or light'soattered from smoke’whioh disappears in the f]ame‘front,'

" all show it to conaist of a convoluted flame front fluotuatinU in
a manner depending on the parameters of turbulenoe, within the
enve10pe defined by the diffuse zone, ' ‘ '

. It was thefefore natural to'oonolude‘that what the eye (and
' the ocamera at normal shutter speeds) sees, of a turbulent flame,

" 18'a time exposure of'the fluotuating front and almoet as reasonable

to assume that every element of. the instantaneous front behaves (at‘
all times) as if 1% were part of a freely propageting, laminar ' |
. combustion wave, The latter, however, does not follow inevitably
and the main question, posed at the outset -of this . work, was whether
© this 'wrinkled laminax! hypothesis, would be supported by detailed
»experimental Btudieq .of fundamental flame. parameters, suoh as
burning velocity or saturation ourrent density. Both series of'

" fests applied - the burning velocity resulta, desoribed in

. Chapter 3y and the saturation ourrent reaulte of Chapter 4 - Ny
"independently show the model to fail, Neither the laminar burning
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velocity of the turbulent flame, nor the saturétion ourrent

per unit‘volumetrio flow, equal the laminar values, It is

worth noting that the extent‘of this failuie is by no means

the same for all flames. For those Analysed in Chapter 3 the
maximum local "laminax" burning'velooiﬁies exceeded the normal
burning velooity of laminar flames by up to 350,60 - a result

- whioh is in qualifative eement with those obtained by
Sokolik and collaborators 26). The deviation in the saturation
current - volumetrio flow rate oharacteristic never exoeeded.4oﬁ
and, in the case of the "5 bar grid" burner mouth, was less than
Wfs, Had this been the only flame analysed and had the method

- been only marginally less sensitive, it might have been concluded
that. the 'wrinkled laminar"flame'fronﬁ concept always applies.

. Other workers, using different methods, e.8 Suéden and hia

(24), found no appreoiable deviations for their

‘flames. The reason for the different oonolusione will beoome |
apparent later, ‘ o

OOllab6rators

Thus the turbulent flame, though it consists of & fluctuating,.
laminar'like, corrugated flamé»éurfaob, oan exhibithuitq,different
properties to those of the corresponding laminar flame, JThe 6niy~'
differenoe in input to the two flames is that, for the one, “the
' approach flow is turbulent, whilst, for the other, it is laminar. :
:The turbulence may, although it need not, result from higher flow

rates, ' '

Experimehts have been oontrived,to'oheok the two’component
“‘iattributes of turbulent burning separately, The effect. of flane
‘ ~oorrugations was tested, independently of fluotuations, by

; stabilizing the flame on a grid of parallel ‘quartz rods, plaoed
on top of the burner in 1aminar flow (Section 4. 7) Saturation
:ourrent meagsurements taken at similar flow rates, with and without
- the rods (Figure 21), show no detectable change, Henoe it is
/oonoluded that flame corrugationa, by themeelves, are not
responsible for ohanges in flame behaviour,
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| Regular, ocontrolled oscillations were introduced into the
flow by allowing the pre-mixed reactants to pass through a
miniature mouth organ before entering the burner tube. Small
osoillations were generated at a frequenocy of approximately
1300 hz, and caused the flame to 'sing' at this frequency
(Seetion 4.9), Once again there was no detectable change in .
saturation ourrent (however, the amplitude of flame oscillation
obtained in this way was small compared with the exoureions of
the turbulent flame front).

The conoclusion to be drawn from the comparison with laminar
flames, whether stationary, ourrugated, or fluctuating, is that
turbulence can induce ohanges in the parameters of the flame front
which regular convolutions or OScillatione on their oﬁn‘do not,

5,2 Effect of Small Seale Turbulenee in the Burner Stream

One resson for some disorepaney between the laminar burning
E velooity SL’ and the inetantaneoue burning velooity of the

‘turbulent flame, SL’ already mentioned in Chapter 1, 18 the

rinfluenoe~of any small soale turbulenee present in the reaetent .
flow, To aacount for the entire difference SL would have to be

| altered to SL by the additional diffueivity arising from turbulenoe

» with scale smaller than the»flame thiokness,. The additional
‘diffusivity required, &' , may be caloulated, 'Equation‘1.5 may
' be re-arranged to give: . ' - -

‘f? " (-::)—1 _ e .

The foliowing analysis is beeed on measured buming velocities
for the two turbulent flames, for which the largest deviations from -
the oorresponding laminar flamee were obtained. The. turbulent

".bflames are repreeented by lines 3, the laminar by lines1 in

_-Figuree 12 and 13, Additmonal data for the two flamee is preeented



9N

in Table 1, The soale of turbulence in the burner flow was
determined by the dimenaions of the perforated grid in the
“burner mouth; the intensity was heasured from lateral
displacement of particle tracks in the-apprdaoh‘flow;

TABLE 1

REACTANT FLOW CHARACTERISTICS
AND MEASURED BURNING VELOCITIES

AUANTITY SYMBOL | UNITS LAMINAR - TURBULENT
- 1. 2 1 2

Kinematio Viscosity | v | om®/s | .14 .14 | .14 .14
| Density | P &1 | 13 1313 13
Expansion Ratio E o 7 7 B
Approach Velooity | 4 om/s | 379 252 | 367  247
Yoale ' e = - | .18 .18

| Intensity w |ems | - o | 18 12|
Eddy Diffusivity - I3 om?/s;’ e - |k ‘_.22
Burning Velooity | S | om/s | 40.4 40.4 | 146 . 126

Inserting these quantities into equation 5 1 E would have__
%o be approxima'bely 1.7 and 1.3 omz/s for the two flames, -

‘ The thiokneas of a laminar flame with burning velooity of
ordexr 40 cm/s is of the order of .2 mm. Since turbulenoe relevant
here must be of scale small compared with the flame thickness, it
- follows. that its inteneity would have to be well in excess of 85 -
1 " and 65 om/s (or ZQm of the mean flow velooity) for the two flames.
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As the small scale turbulence can only be a small fraction of

the total, comparison of the above values.of turbulence with
those measured and tabulated shows the effect to be quite
inadequate. Whilst small scale turbulence must modify the
burning velocity to some extent, it cannot, at its level in
the burngr stream, explain an appreciable part of the disorepancy
between S; and SL.' |

5.3 Effeot of Flame Movement

So far the perametere.ofAturbulenoe have always been defined
with respect to a stationary observer, Thus, the usual definition
of turbulence intensity is in terms of the root mean square value
of the perturbation to the mean {low velooity, However, the flame
front itself is in violent random motion go that an observex o
' travelling with it would see far greeter fluctuation in epproaoh
velocity. It is this fluctuation that is pertinent to the
-propavation process, This important feature eeeme ‘to have been
overlooked in previoue work, possibly beoauee flame fluotuation
is ‘caused by that in the flow and at first oight it seems
improbable that the,reletive motion could be inoreased.

. One mechanism whereby the flame'e motion is enhanoed ooours
.‘beoauee looal changes in flow rate alter the flame shape and henoe :
“affect all positions downstream. Figure 24 illustrates the effeot“

" of a local increase in flow rate, Str ) extending over distance S+
at +. If &» represented a turbulent fluotuation and turbulenoe

were oonfined to this element, the fleme elemente downetream of

= ;~that point would "eee" the laminar approaoh ‘stream as turbulent

due to their own movement. If the approach stream outside S+

» ie also turbulent, the velooity fluotuatione of the approaoh

" stream, 4L ad& to those of the flame, Up The,square of the
relative lnteneity, W,y is «1ven by ' ‘ '
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If,uf is not dependent on the local u and both are random,
the time mean .. W = ©  and

wWr ol wt ' (_5'-25) .
In practise the local flame position énd'its movement are both
_influenced by all the events taking place upstream, Referring

the flame shape to oylindrical co-ordinates, h and r, equation
1.8 (S = v sin §) implies that:

an . e
v + (g_) - 1
R ,

or h =

(5.3)

1+
ml<
!
V‘
. N
S
-
%
H

It is appérent that large ohangés in & can dcdur around the

apex due to the cumulative effect of ohanges in v aoross the
radius. Nor is the soale of the flame perturbations neoessarily '
the same as that of the. approach flow, This disorepancy is
determined by -the time soale of turbulenpé;'if that is ?erb_g
1,0, if the flow perturbétion is of infinitesimal duration -

'the indentation merely travels up the flame without increasing
in size, For an infinite time soale, on the other hand, the
situation portrayed by Figure 24 applies: the flow perturbatibn
.introduces at step, not an indentation, into the flame. Undexr
these conditions the "flame scale" would be given by the mean
distance to the nearest turbule whose velooity is in the opposite
direotion. Thus in praotise there is always some magnification.
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The rate of propagation of any disturbance travelling
along the front is v cos.¢. Hence both ends of the indentation

travel up the flame at v |1 -(SI) + The trailing edge, however,

L

v
gets out later, after the time interval for which the turbule
perturbs the flow, This is (;_) where 1 is the soale of the
' ]
L

approach flow turbulence., The scale along the front 1s théiefore:

1+1lroosf = 1(1+ocotd) =11+ -(%)2 (5.4).
S ——
L 4

which tends to twice the gas stream scale at high flow rates,

There would be very little point in numerical estimates of
thése parameters, because 1 and u are not the values corresponding
to the turbulence leaving the burner tube; The flame generatéd
turbulence considerably modifiés that present in thevapproadh

stream,

5.4 Flame Generated Modification of Approach Stream Turbulence

As Karlovitz(6) has already recognised, the expansion '
'procées that takes place across the flame front greatly inoreases
turbﬁlenoe. As an illustratibn, the principles of mass and
momentum conservation will be applied across the element of
instantaneous flame froﬂt shown in Figure 25. Aithough the flow
‘is idealised for analytical purposes; the flame front is assumed
~ to behave as observed experimentally. Buoyancy and viscosity
effects are neglected; the element of flame is assumed to be
parallel sided and the flow to be incompressible. -Reactant flow
is assumed to approach the flame front with velécity v at angle ¢.



FIG 25  FLOW RACCELERATION RACROSS

THE FLAME FRONT
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The expansion ratio across the flame, E, is given by:

E = & (5.5)
Ce |
where P - i8 reactant density and f) product deneity’.

The component of veloocity, perpendioula.r to the initial flow,
after expansion, is:

v, = Evsin;dcoaﬁ - vsin¢cos¢

-y (E-1) sin2g o : (5.6)

The component of velocity, parallel to the initial flow, after
.expansion, is: '

v, = Evsin®f +v cos g |
a v '(E.-1)sin2¢+1_ ~ (5.1).

These velocities correspond to momentum generated across the
flame front as follows: '

Perpendicular to initial flow
Ap,

( ev_l-z) products

Cx '}2 (B-1Potla G
C | .

LB

Parallel to’ ixiitial‘ flow
AR ({Jv“?)' products - ( v ) reactants
= ,(Dr'vz (B - 1)-sin g +1 2 - (Jr

| = e, v2 I:(E - 1) sigiﬁf +1.1_?_ - 1’v (.5-9)

B
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'So far the analysis is quite general, For laminar flames
there is the additional constraint set by the constant burning
velocity.

‘SL = v éin @ S : .(1-3)

Usiﬁg equation 1.8 to eliminate ¢‘from equations 5.6 - 5.9
gives: .

v, = sL} (E - 1) ’1 - EI_‘_»Z | (5.6.a})
: : V . .
vy [(E - 1)( 1 o (5a7) "

g o

E v

Ay, "fr"z [(E-1)<E‘z£)' “],2‘ e (5 9§)
L v.i ’ _ e

B

A1l quantities on the right hand sides of the equations
~ are explicitly known 80 that the velocity and momentum components -
can be evaluated for specific flames,

For turbulent flames, the more general, equgtiéns 5.6 = 5,9
‘apply directly, BExamination of schlieren contours, like Figuré 8,'
show the nexr randomness of the flame front orientation - denoted
in the present’contact by the angle; ¢. Transverse components 6f'
velooity and momentum are maximum when ¢ 45 3 thdseviﬁ the
direction of approach flow when ¢ = 90°, '

Table 2 shows the results of the foregozng analysis applied
- %0 the flames listed in Table 1.



PTABLE 2

FLAME GENERATED VELOCITY AND MOMENTUM

QUANTITY SYNBOL UNITS ?AMINAS TURBULEgT
(I

Velocity Parallel

to Flow vy om/s | 392 286 {2569 1739
Velocity Parallel

to Flow vy om/s | 240 2401100 740
Momentum Generated o

Il to Flow Ap, max. |dyme/en” | -157 66 | 1075 480
Momentum Generated ! ' 2
L to Flow Ap, max, | dyne/om 10 10| 225 104

—

The Table shows that, in the direction of mean approcach flow,
momentum is lost across the leminar flames but can be generated
across the turbulent flames, Both types of flame generate
momentum in s direction perpendicular to the mean cold flow, a
direction in which, on average, there was previously none. The
effect can be aﬁ order of magnitude greater for the turbulent
flames than for the laminar ones,

Ignoring mixing with ambient surroundings, both cold and
flame bearing flows will be parallel to the burner axis, For
the former this will be true everywhere; for the latter it will
be true far upstream and far downstiream of the flame region.
Reconciliation of these boundary conditions with the presence of,

flame generated, transverse momentum, mentioned above, requires
different pressure distributions to occur within cold and reacting
flows, The pressure field is further modified because the
surrounding atmosphere does not permit free expansion of the
product flow, but confines it, thus imposing an additional
boundary constraint. |
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With a laminar flame, all the pressure redistribution takes
place, in such a way as to provide a time constant flow field,
'by distortion of the original streamline flow pattern,. In the
presence of turbulence the preseure field is no longer time
constant and manifests itself as fluctuations in flame poeition{
Referenoe to Table 2 shows the oonsidereble momentum - that can be
.generated locally across. the instantaneous flame front. If the |

o products flow away freely the gases carrying the flame front are

unaffected by this momentum. If the produote are totelly
'oonetrained, the momentum is fed back, driving the interface
'beok into the ‘reactants. In practioe the situation varies-
locally; transient fluctuations occur and the preveiling

_ condition lles between the limiting extremee deeoribed.

Viscous effects tend to inoreaee the feed-beok by addin@ t0'
. the confinement of the produote, whioh, by virtue of their , |
temperature, have viscosity some three times as great as the ‘
reactants, This tends to restrict the product flow and causes
expansion to be taken up by readjustment in the approaoh flow :
rather than by dieeipetcénin the produote. '

5.5 Measured Pleme-Turbulenoe Interaotion end ite Effeot on Flame
Struoture ' - ‘

. ‘The firet eectionsof this Chapter showed that the properties
_ of the turbulent fleme front cen differ from thoee of the
J‘oorresponding laminar flame and that theee deviations from: the
'"wrinkled front" concept were too large o be eooounted for in
terms of the emall seale end of the speotrum of turbulenoe emerging B
from the burner, Each of the following two seotions preeented a
distinct reason for not considering the burner turbulence aeﬂutf .
relevantz firetly, the inoreaee in "relative" turbulence oaueed :
'by ‘the movement of the front and, eecondly, the actual inoreaee o
~in approuoh etream turbulenoe due to feed-baok of flume genereted
turbulence, - One reason for the" exteneive discussion of" the latter
"wae to. show not only that the effect was 1erge, but aleo, unlike
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the former, that there was little prospect of calculating it,
The computation of the effective pfoduot "confinement" due to
time varying orientation and temperature dependent. viscosity
presents a most intractable problem. |

The detailed optical analyses, however, once more make
possible the deduction of the relevant parameters difeotly |
from the flame behaviour. Thus it is possible to combine ‘
records'of superimposed schlieren contours,'of the type shown -
in Fisure 14, with relevant approach flow parameters to give an |
average value of flame spéed, G, where G is defined by the relation

G = Average distance travelled by flame front (5.10)
Averae time of fluotuation ;

‘Both the mean exoursion, 2, and'the average'f1améifront poaitidn;
are measured directly from racords . like Fipure 14, Combining the
average flame position with partiocle tracks enables the mean flow
velocity, normal to the average surface, ) to be obtained by the

relation
v = veing o (5a1)
-where v is the mean approaoh»velbcity,and # the angle of approach
‘to the mean flame surface, [Edeh flame movement is caused by -
~ encounter with a turbule in the approach flow and the time scale.
~is, therefore, given by the time of passage of that turbule, If
~ the scale of turbulence (as defined in Seotion 5.2) is 1, the
~ transit time of turbule throu h flame (or flame through turbule)
vis given by 1 . '
R , _'V'n
* Substitution into equétion»5.10 gives: '

<l s
l-‘_[N [
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Measured values of Z and sin ¢ for the central portions of
the two flames are, very approximately, 0,14 om. and 0,5.
When combined with the values of 5 and 1 (defined by the burner
grid dimensions), given in Table 1, G beoomes 140 and 96 cm/s
for the two flames,

If the altered'burning velocity, for the central portions of
the flames whose properties have been tabulated, is due to this
4 cause, the movement of the instantaneous flame front, during the
gas residence time, must be significant oompered with its thicknees.
The time taken for molecular transit of a flame W2 mm, thick is of
order 10~ -4 Bey during whioch time. the flame eurfacee above will heve
travelled ,14 and ,10 mm, Thus it is demonstrated, by direct
experimental measurement, that the fluotuation of the flame is.
suffioient to account for changes in structure, and henoe in burning

velocity,

There are two levels on which the structure can be modified.

At the lower level only the physioal transport propertiee are
" altered whereas a euffioiently large perturbation could affect the‘
reaction rate also, This subdivision oannot be made absolutely :

; rigorous because reaction rates depend, inter alia 'on'redicai

' concentrations which are affected by diffusion. However, Fristrom
- and Neetenberg(34) have ehown that the thickness of the zone whioh,u‘
'pilots the. main reaction is. exoeedingly small - a minute fraction

of the thickness of the preheat z0ne = 80 small indeed that there '
i8 no detectable affect of ourvature on burning velooity, if the }
letter is meaeured in the reaction zZone, This juetifiee the model .
.propoeed by Damkohler(eo « Bea P,12 - in which small scale .
 burbulence oan modify diffusivity and hence the structure of the =
pre-reection zona, a5 well as burning velocity;without effecting
: the reaction rate, Now the time intervals caloulated above are
- Just about comparable with. the residence tine in ‘the entire flane
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(defined, say, as the zone of varying temperature). They are
very large by comparison with the crucial reaction times, Let
us therefore hypcthesize that the regime postulated by Damkohler
applies here, This is speculation -~ unlike the rest of the
thesis, | - |

~ There are at least two reasons for testing such a'hypcthesie:
‘firstly, it allows the comparison of measured’burning velocitien

with those predicted from messured parameters of turbulence and,

- gecondly, it permits further 1nformation to be extracted from the

electrical,measurements. The latter arises because it is reasonable
to assume that the fundamental saturation ourrent density, Js’ is

‘unchanged if the reaotion is the same, so that the observed change
~in the total saturation current J g is due to the changed area, A,

Thus, J = jBA (equation 4.1) universal

- "v/ v

S AN .

5 TA_E R A | (5.13)
sy b 5

‘for each volumeiflow‘rate V.where the Subscripts L‘apbly‘tc‘laminar

'_1and“  to average values of turbulent.

Figure 26 illustrates the ratio cf burning velocities -
calculated on this basis for the rasults of Figure 22 (here
, plotted downwardsz These results demonstrate striklngly hcw o
' _theldeviaticn'cf 8 frcm 8 increases.with distance from 8
© burner wall ; a result that’Wae'anticipated by’thehtheory of
‘fSection 5. 3 and was apparent- already from the optical. analysisf
(curvee 3 of Figure 12 ‘and 13) The 35Qm increase in burning L

'?;velocity, described in Section 5.1, was, of course, the local

'Avalue, on the axis of the flow, «65 om. from the wall, The
average value for this burner is 850 and compares with the 37/{_.;'
- maximum of the .57 om, diameter burner deduced from saturaticn‘
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current., For the flame stabilized on bars 2 mm. apart, the
difference is!@% and, as mentioned previously, might have been
_overlooked had it been measured by a less sensitive method,
Tﬁe parallel increase in the excursions of the flame front and
hence in its contribution to the turbulent fluctuation, is
immediateiy obvious by inspection of Figure 14,

If the hypothesis is correct, then the "modified laminar"
burning veléoity, SL, should be predictable by Damkohler!s theory

(equation 5.,1) provided the eddy diffusivity - or rather that part
of it due to soales smaller than the flame thiockness - is based
not on the approach stream turbulence but on that aotuallyb '
experiencad by the flame. Once again this is best worked out -
from the flame fluctuations, | '

It has already been shown, by equation 5.1,vth§t the eddy
diffusivities requirsd from the largest disorapancies -‘onbthe‘a
‘axes of the two flames - are}1;7 and 1,3 cmz/s.vahe mean |
‘fluctuating flame speed, G, has been defined in terms of total
 distance travelled in the period of a fluctuation (e@uation 5,10)

- without any allowanoce being made for direction of motion. .Whenv

' oonsidered in terms of a perturbation on a megn_approaoh Velooity
.between’flame‘gnd reactants, it has all the‘oharaoferistios_of
turbulence, Its’intehsity,»uf, is the root mean square of the

fluotuating velocity., Since its ealoulationvrequirés'méré_-
elaborate statistical analysis of the results than seems worth-

-whilé, let u, be equal to some fraotidn k. of G, The eddy
diffusivity, £¥ y corresponding to the scale of the flame front’

thickness, A,, is given by

g = .LG-AF‘ : | (»5.:14)»
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This expression is equated to the required value of eddy

| diffusivity, mentioned above, and solved for & .

As before,

Af is assumed to bHe .2 mm. -~ a value thought'to be appropriate

 for the flame studied, For the two flames, the resulting o is
.61 and .68, All the results applicable to the centre of the

flames are summarised in'vTable 3.

TABLE 3

FLO PROPERTIES' CN THE FLAME AX3S

' E[':E‘ecf‘;ive Intensity"' ok

_ [ N T
QUANTITY SYMBOL| UNITS LAMINAR - “TURBULENT
S 1 o 1 2 | 1 2
g Y g RPN ...,"."'.7:.7:..""‘.'.‘.,.'.I'.'.If.'.?:f i Yoo ——— ——
A Kinematic viscosity | . -cmz/s. BV VR I VR V'
P F DExpansion Ratio Y~ T 711 1 T
IR L Approach Velocity [ . | om/ 8 379 252 | 367 247
0 0 ‘Scale . e lem R BT
AW Intensity | b om/s - - 18 i2
(}}I Bddy Diffusivity ' £ "cmz/s - - W32 22
Burning Velooity | S, . om/s 40,4 40,4 | 146 - 126
Mean Excursion - ' ! 2 i om - - A4 4|
-5in of Mean Approuch; BT o .
. Angle tgin 1 14106 ,160 | .5 5
Flame 3Speed : L@ | om/s -« | 140 96
Velocity Parallel | L B o
to Flow vy, - on/s 392 286 | 2569 1739
- Velocity Normal to | ey TN TN AP
o Flow v, . omfs | 240 240 {1100- 740
- Momentum Generated | - ] T R S
- to Flow . - ,'{Ap.‘l m'ax;dyne/cm =157 <66 {1075 480
Momentum Generated A G ol I S
L to Flow Ap, max:dyne/om 10 10 | 225 104
- Bddy Diffusivity to :
. .Account for : i
~mensured increase | ) 9 ¥ , AU
i B g | on“/e - - 1.7 1.3
 Flame Thickness = | A em - - W02 ,02
_Flame Upeed = f , i I
- bl 061 068
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Even without a more detailed analysis of the flﬁctuating
forms the values obtained certainly appear to be reasonable,

'If, for instance, the motion were sinusoidal, . would be

e =.71, The explanation of Burning velocity increase in.

(A
terms of turbulence ‘saen by the moving flame front thus appears

to be plaualble on a qualitatlve basis,

It.will be noted that the contribution of the burner stream
| intensity, u, was not even included above and would not, in fact,
_have made any appreciable contribution!
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CHAPTER 6 _ CONCLUSIONS

A new optical method has been gstablished for reodrding
burnin;s velocities of tunbulent‘flamea. These have boen measured
according to Variously defined, but reproducible, flame surfaces, -
- both as averases over the flame'and distributions across the
burner mouth, ’ |

Other optical methods have been introduced to compare the
effectiveness of turbulence inducing devices and the éverage
distribution of products and réaotants~in the.presence‘of a
flame, or as a measure of mixing qf'jets of gases of‘disaimilarr.
. refractive indices, | ' - |

~An eleotr1011 method has been developed as-a means of
'measurinr flame area under steadily propavating oonditions.
It is of particular value for irreuularly shaped flames where
alternatxve methods are difficult to apply and has, in the K
present instance, been used in the study of transitlon from
laminar to turbulent flames. ’ ' '

The hypothesis that each element of a turbulent flame's_
sufface propagates, instantaneously, at the normal 1aminar '
burning velocity, has been ohecked and, oontrary to current
‘belief, found to be an inadequate approximation for most.
flames, Measurements of burnmng velocity. show that ‘the.
dieorepanoy is Far too great to be aocounted for by small socale
'turbulence in the burner flow, ' ) '

Chnnwes in saturation current per ‘unit volume of flow havej'
“been obsarved to occur on transition from laminar to turbulent :
‘flames, They have been interpreted as independent oonfirmation';
of differenoes in the propagation of the two flames.
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The burner flow turbulence, which proves to be quite
inadequate to acoount for these effeots, is shown to fall
far short of the real effective value because of two neglected
contributibns. One is that due to the extensive fluotuation
~of the front, which is not caused locally, and greatly'adda
fo the "relative" value. The other is explained in terms of
the fluctuating feed-back of momentum from the products, which
manifests itself as flame generated turbulence. This feed-back
depénds on the extent of produce confinement énd,,although it is
- diffioult to ocaloulate, the effective flame turbulence could be
~deduced from megsurements on the fluctuations of the front,

Thé movement of the flame front durinu reaoﬁéntltransit fime.
»was found to be comparable with flame thickness, implying a ohange
in flame structure, It is sugpested that this ohange is. likely
to. correspond to ohanged transport properties and not large enough
to modify the reaoction, On- this basis, the eleotrioal meaauremente

are correlated with optical burning velooity determinations, Ueing‘A'

turbulence parameters deduced from measured flame.fluptuafiohs,"'
_iﬁ is shown that the changes in burninz velocity can indeed be
, ;accounted for in terms of the eddj diffusivity of scale smaller

+ than flame thiokness.

Thus, the Damkohler theory is aphéld; provided it is not used"
with the eddy diffusivmty oorresponding to burner turbulence «
the contribution of which is, indeed, quite 1nsignifioant.
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