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DETERMINATION OF
BURNING VELOCITIES

Laminar bufning velocity is as characteristic of a combustible mixture
as the specific heat and thermal conductivity. It is considered an important
tool for the understanding of several techmical combustion processes.
Studies in combustion are conducted in terms of laminar burning velocity,
minimum ignition energy, fammability limits, and quenching distance.
These have been verified as the fundamental properties of the combustible
mixtures,

The aim of laminar flame research is a complete knowledge of the
chemical kinetics of flame reactions. The science of combustion kinetics is
not yet so developed as to be able to predict combustion reaction rates
in advance. The most important result of laminar flame research is that
the burning velocity is directly proportional to the square-root of ‘the
reaction rate constant which is almost unmeasurable by any other tech-
nique. Laminar flame studies also find their application in the turbulent
combustion, flame stabilization, etc.

Unfortunately, the burning velocity of a noﬂugnw_n mixture cannot
be measured directly. In this chapter we shall review the various methods
of measuring burning velocity and the equations for calculating this
property as proposed by several investigators. )

10.1 DEFINITION OF BURNING VELOCITY P

Burning velocity, commonly symbolized by S, {(also referred to as laminar
burning velocity, flame velocity or normal combustion velocity), is defined
as the linear velocity of the flame front normal to itself and relative to the
unburned pas. This definition refers to an infinite plane flame, i.e., the
yelocity is determined at some point beyond the influence of the flame,
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L Interferometry

, : Gas depsity is a function of temperature. The measurement of density
difference is easily possible by using an interférometer wherc a beam of

, light is split in two parts. The phase difference is obtained between the .

two beams, one passing through the flame and the other through the . ]

! standard atmosphere. The resulting interference patiern can be interpreted

- ~quantitatively in terms-of density. SRR . .

Temperature Measurement 3

By the measurement of temperature with the help of B.ouo-m._mnaooo:v_om. m
R the location of reaction zone can be obtained. A contour map of various

temperatures can be drawn for stationary flames. )

3 Another difficulty arises in the accurate measurement of gas moi velo- _
city. The total mass or volume flow can be measured quite accurately i
. with the help of orifice flow meters, particle track method or B_ono.v;o» :
u tube measurement. Hot wire anemometery is suitable for local velocity
\ measurements. For stationary flames, the particle track method gives
d accurate values of the magnitude and direction of gas flow, while hot
wire anemometry is recommended for double flame kernels. ,

10.3 METHODS OF MEASURING BURNING VELOCITY S

The methods of measuring burning velocity may be divided into two
) -parts:
: 1. Methods using stationary flames. ;
3 2. Methods using non-stationary flames. m -
The methods using stationary flames employ burners of various mwmvom.
Some common types in use are:
(i) Flat flame burner
(i} Cylindrical burner
} (iii) Slot burncr.
The methods using non-stationdry flames are:
! (i) Tube methods :
(ii) Constant pressure bomb method
) ' (iii) Constant volume bomb method
(iv) Double flame kernel method.
A summary of the important methods of measuring laminar - burning
velocity is given in the Chart | on p. 210,

Flat Flame Bumer Method

- Egerton and Powling® first constructed a flat flame burner as shown-in

H : .

-
-
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Fig. (10,2). The basic design of the burner used is still :_n. same. A button
shaped, ie., a flat flame is obtained above the burner matrix, This shape

Gauze

o

. m e . ———h

: Flame

_

Iner{ —— .g
g

* Gas mixture

Fig, 10,2 Fiat fame burner (With permission of Pergamon Press, from J, Surngne (Ed.),
Experimental Methods in Combustion Research, 1981, p, 15),

is possible because of the constant velocity profile above the matrix. The

limitation of this method is that a flat flame is obtained only for very low

burning velocity mixtures, i.e., S, values of the order of 15-20 cm/s.

This method is useful for measuring burning velocity of limit mixtures.
The source of error is that the edges of flame are not sharp. Thus there

can be some argument about the correct diameter of the flame. Particle B

tracks have shown that some unburned mixture can escape due to the |

divergente of flow. There is also a loss of heat to the matrix which reduces . !

the burning velocity. Due to the initial pre-heating of the mixture by the _

matrix, the temperature of the ucburned gas is raised. The above two

effects will try to compensate the error. As most of the literature on bur- i

ning velocities deals with stoichiometric or maximum burning velocity

mixtures, the results of flat flame burners which are generally for rich or

lean mixtures cannot be compared with the data of other mettiods. Never-

theless, the flat mman is an _anmw flame for the study of slow burning

~mixtures.

14(45-43/1979)
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~

possible to get an ideal flame or the correct burning velocity frem cylin- -
drical burners,

w 200 [FF

. L1

E |

©ieo 4

el 1 d=633mm

5 v/

2120 A

w {

. L)

g 80

m “\

a s L
40 .mlnr:r.

d=1.257mm . ~

- 0 . |

. 02 04 06 0B 10
' Distonce from burner axis,
fraction r/r

Fig. 103 Variation of burning velocity across a cylindrical tube burer,

The first difficulty can be somewhat removed by using a’shaped nozzie
such as the Mache-Hebra nozzle, or even a sharp-edged orifice with an
area reduction greater than four. Such nozzles give uniform velocity dis-
tribution across the burner, except in very thin boundary. fayer. zones near
the rim. However, this uniform flow at the burner outlet again tries to
become parabolic as the distance from the burner top increasds, but at a
small height above the burner port it can be safely said to be uniform.
This results in a straight-edged cone along most of the flame front.

The second and third difficulties can be best removed if we take a
frustum of the cone leaving the tip and base, i.e., measuring the area and
fiow across radii ry to r,. Between these radii, we shall get a straighit edge of
right circular cone without errors in the flow and burning velocity at the
tip and base. The difficulty with this partial area method is that there
can be no accurate test to check that the area chosen is free from the tip

and base effects. Also, the redistributiosi of the burned gas flow due to the

pressure field set up by the flame makes it difficult to calculate the exact
volume flowing through the area of the frustum. By using a large dia-
meter burner the above difficulties can be minimized, However, by in-
creasing the diameter the Reynolds number also increases, thus changing
the flow from laminar to turbulent. For most hydrocarbons and for
carbonmonoxide-air mixtures with flame velocities of about 30 to 80 cm/s,
a burner diameter of 7 to 8 mm is found to be quite suitable. For
acetylene-air and hydrogen-air mixtures, a burner with a diameter of 2
to 3 mm becomes necessary. With large diameter .aE,.:n_m either the flow.
will become turbylent or the flame wil] flash back, N

TR

fa

b b
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Regarding the fourth difficulty, i.e., of the flame curvature, Babkin et
al® have shown that curvature effects are quite important up to a radius
of curvature of 3 mm. Thus, for 7 to 8 mm diameter burners with
gradually reducing diameter of flame with height, the curvature effect will
change the . burning velocity. The effect will be quite appreciable for
burners of 2 to 3 mm diameter as is essential for fast burning mix-
tures. Thus it is difficult to remove the curvature effects with a cylindrical
burner. But this effect can be removed by using a rectangular slot burner
instead of a circular one. By using & long (length at least three times the
width) rectangular nozzle with constant velocity profile, a flat-sided

_inverted V-flame can be obtained, thus removing any curvature effects.

However, the instability and wrinkling of flames occurs in slot burners
making the measurement a bit complicated. Uberoi et al.? developed a
two-dimensional flame on two small electrically heated ceramic tubes
positioned along the edges of a rectangular port. This minimized the
quenching effect and the flame approached a theoretical model. So far the
slot burners have not been studied well enough to replace conventional
cylindrical burners.

The fifth difficulty regarding the location of the fame front can be

solved by using schlieren photography as the schlieren edge is found to
be quite near the zome where the heating starts, It is better still to locate
this cold gas zone by means of particle tracking, but proper care should be
taken in choosing the right type, amount, and size of particles.

Methods for Calculating Flame Area and Burning Velocity

Gouy first defined the burning velocity as
Vo
pm.ﬂ = l\.—wﬂ . A—O—v
where ¥n=volume flow rate of the unburned mixture consumed
Ar=flame front surface arca.

Using a ,conventional cylindrical burner, different methods can be
adopted to calculate the burning velocity. A few of these are as follows:

Burner Methods

(a) Total drea Method '
Assuming the cone to be right circular with base diameter equal to tube
diameter (Fig. 10.4(a)) the burning velocity is given by

__ ¥n Ugyin Atupe
Su= — T (10.2)

where Uy, =space mean velocity of approach flow in the tube, cm/s
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216 FumLs AND COMBUSTION

It is found that due to the cone not being a straight one, it is best to
calculate the angle by drawing a tangent to the flame surface at a distance
0,707 reane from the cone axis.

(d) The Frustum Area Method (Fig. 10.4(d))
As slready explained, to remove the errors due to tip and base effects
the frustum area method is used sometimes, The burning <o_oo=< for
Poisevile flow is expressed as:

-

2Upm (ri—ra) | 1—
, 2 Iune
Su= - T a E (10.6)
whete re and r; are the radii of the upper and lower faces of the frustum
and S is the slant height of the frustum as shown in Fig. 10.4(d).

(¢) Inverted Fiame Method
A V-shaped flame was first produced by Gross® by stabilizing the flame
on the tip of an axially mounted wire (Fig. 10.4{e)}. This inverted flame
reduced the base and tip effects of quenching and excessive heating. Gross
calculated the burning velocity by taking the measurement of pressures
and temperatures of flames and muva:: g the equation of noumo:w:on of
momentum across the plane.

Of the five methods discussed above, the total area EnEGa using
schlieren photographs and a nozzle burner, is the one mest siktensively

~ used and gives good reproducible results. If it is assumed -that the location

of flame front corresponds to the cold gas cone, where the . %Hnrn_mnuw. of
mixture starts, then there will be appreciable difference in »wo arcas
‘obtained by either schlieren or direct photography.

Figure 10.5(b) represents the relative position and shape of .,._uo two
flame fromts, If the optically observed flame front is located:at a distance

Flome surfoce as -
ohserved opticolly

Cold gos
.cone

_.‘._._l_—_____*t..__ ..'i_.

(o) (b}

Fig, 10.5 Relative position and shape of optically observed{flame front and cold
gas cone (With permission of Academic Press, from B, Lewis and G,
Yon Elbe, Combustion and Flame, p. 139), -

O

g
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from the cold gas cone (Fig. 10.5(a)), then we can calculate the difference
in the cone areas. Fristrom® assumed the two fronts to be parallel, i.e.,
the angle « to be the same for both cones. With this simple assumption

the area ratio, i.e., of the optically obsetved cone a, to that of the cold

" gas cone d, will be written as: .

A Atan « 2A 2A2 2A? tan &
ne =+ Manaet 1 +m8m9+~n.m59+~moomn (10.7)

For a mixture of ».:o_ and air with uvv_.oa:nﬁo_w 45 cm/s !.:.Enm
velocity on a 10 mni diameter burner, the ratio a,/a, turns out to be 1.11
and 1.21 if the flame is observed by schlieren and luminous photography,
respectively. Thus, if a flame is observed by schlieren photograph and
the total area method is used to calculate Su, the corrected value of the
burning velocity is obtained by multiplying the factor 1.11. Similarly, if a
luminous record is used with the total area method, the value of 8. should
be multiplied by the factor 1.21 to get the corrected value of Sy. Tt should
be remembered that the above factors are for a particular value of burn-
ing velocity and burner diameter.

Cylindrical Tube Method

Mallard and Le Chatelier'® were the first to use the cylindrical tube method
for the measurement of flame speed. They filled the mixture of fuel and
air in a tube closed at one end and ignited the mixture at the open end.
The flame travelled in the tube and its propagation was photographed. The
flame speed was caiculated by measuring the time taken by the flame to
travel between two fixed points at a known distance. But the flame -speed
thus obtained was not the burning velocity because they did not consider
the area of the flame front. . .
Later, Coward and Hartwell' not only measured the speed of propaga-
tion of the flame froat in the tube but also calculated the flame area by
taking the instantaneous photograph of the flame front at different angles.
{he rate of propagation of a flame in a tube can be obtained by either
ne of the methods given below: .
1. By placing two ionization gaps, recording the movement of the
flame front on a rotating drum, and calculating the flame speed with
the help of the slope of the distance-time curve obtained.
2. By placing two photocells at some known distance and measuriog
the time between two pulses obtained on an oscilloscope.
3. By using high speed photography. e
The tube method has the following drawbacks:
(i) Due to the quenchin} effect of the walls of the tube, the burning
velocity is reduced.
(ii) Due to the convection current in the vertical tube, the rate of flame
propagation is increased if the mixture is ignited at the bottom and
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220 FueLs ANBICOMBUSTION . .
" Constant Pressure Bomb Method (Soap Bubble Techuique,

The main disadvantage of the tube method is that the calculation of the
exact flame area is difficult because of the unsymmetrical shape of the
flame. The problem can be solved if we can obtain a flame of simple
geometry. It is quite difficult to obtain & plane combustion wave for high
velocity mixtures, The next simplest shape is a sphere. If a mixture is
ignited by means of a spark, a spherical flame front propagates through
the mixture and changes its shape to the shape of the vessel in which the
mixture is enclosed. If the vessel is also spherical, the flame front will
propagate in a spherical form up to the vessel wall. In a rigid vessel, the
pressure and temperature of the unburned mixture will increase continu-
ously as the flame will propagate, but if the container is elastic, then the
expansion of the vessel will allow a flame front to move at constant
pressure. .

Stevens'* and Fiock™ developed this technique of measuring the burn-
ing velocity in a constant pressure elastic spherical vessel. A soap bubble
is blown with the help of a combustible mixture which is ignited by ieans
of spark at its centre. The soap bubble acts as a constant pressure bomb
since the soap film can expand without any stress., The pressure .of the
mixture inside the bubble is the same as the outside ambient atmosphere,
The rate of growth of the flame diameter is recorded on a rotating . drum
camera. Either direct or schlieren photography can be used. The slope of
the V-shaped figure will give the rate of propagation of the fiame 'front
with reference to the laboratory frame of coordinates. The burnin g <m_,oow<
can be calculated by using the equations derived later. - -

The main advantages of the soap bubble technique are that it requires

a small amount of fuel, the shape of the flame front is spherical, ‘ the
diffusion of the mixture to ambient atmosphere is less than in the open
burner method, and exact mathematical analysis and calculations are
‘possible.

The main disadvantages and difficulties are;

1. As the soap bubble always contains some liquid, the vapour of the
liquid can mix with the combustible mixture and alter the value of
burning velocity. The effect is’ more serious if water acts as an
inhibitor or a catalyst. ,

2. The diffusion of the mixture through the soap bubble is possible and
it can lead to serious error. B .

3. If the mixture is slow burning, then due to convection a non-spheri-
cal flame may develop. ‘

4. At high velocities of expansion, the inertia of the bubble becomes
important and a non-isotropic flame front is observed.

5. After the mixture has been burnt, it becomes quite difficult to
measure the final diameter of the soap bubble.

6. A small quenching effect of spark electrodes and the bubble surface
is present.

DETERMINATION OF BURNING VELOCITIES 23]

The first problem is substantially reduced by using 4 special glycerin-
soap solution which has a very low vapour pressure at atmospheric tempe-

rature and pressure. The diffusion and vapour pressure effects are also.

eliminated by using transparent latex rubber balloons. If the time of ignition
from the formation of the bubble is quite low and the diffusion coefficient
of the mixture and ambient atmospheric pressure is also low, then the
glycerol-soap bubble gives quite reliable and accurate values. Normally
it takes 5to 10 s to fire a mixture from the formation of the bubble, The
diffusion will have a substantial effect in the case of H,, He, and CO,, but
other gases do not diffuse much during this shott period.

A spherical flame is obtained if the mixture is fast burning. However,
a very fast burning mixture will set up a pressure field across the flame
front which cannot be ignored and the assumption of constant pressure
will become invalid. Flame thickness also affects results, and therefore, for
a slow burning mixture this cannot be neglected. This method is found
suitable for moderately fast mixtures only. .

The measurement of the final flame size is still the main problem which
leads to error. This is further aggravated by the appearance of cubes of
diameter in the final expression for S,. Thus a small error is cubed. After
the combustion wave has propagated through the mixture, the burned
gases expand. Therefore, the propagation rate of the recorded flame front
will not be the true burning velocity. Assuming negligible flame thickness,
the relationship between the burning velocity S, and flame speed S, can
be easily derived as: :

Su po=5; p» {10.14)
where  py=unburned gas density at the initial condition and
po=mean density of the burned gas
o

or Sy=--8,
Po
: dr .
where ,w,uaa% (10.15)

and ry is the radius of the boundary of burned gas.

. p_p=br (10.16)
where E=the expansion ratio
V=volume of mixture in the soap bubble.
The suffixes f and 0 indicate the final and initial stages respectively.
For a spherical bubble -

(2

Se= Ahvu S, (10.17)
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224 FUELS AND COMBUTION

Usually the caleulation of burning velocity is limited to the pre-pressure,
i.e., the period when only a small fraction of the charge is burned giving
rise to pressure P/P,< 1.1, i.e., there is oply about 10 per cent rise in pres-
sure during this period. The pressure may be, therefore, assumed to be
constant and the equation used in the soap bubble technique for calculat-
ing S, may be applied. However, to utilize the full advantage of the
constant volume method, more comprehensive and complicated equations
have been used. . ol i .

The basic assumptions in the derivation of burning velocity equations
are:

1. The flame propagates spherically and isotropically,

2. The flame front is a surface of discontinuity across which the change
from the unburned to burned state takes place. This implies that
the thickness of the flame front is negligible or the mass fraction
burning at any instant is negligible in comparison to the burned or
the unburned charge. This is not true during the initial and final
stages of propagation.

Because of the complex nature of the equatid for burning/velocity,
various workers have proposed different forms of equations considering
one or the other simplifying assumption. The equation can. be derived
either in terms of the unburned or burned charge. These two equations

should yield the same value of burning velocity. But the value of Su is
found to differ. This may be due to the systematic and other inherent
errors in observation. A combined form of the equation 'will give better
results. !

Assuming that the mass fraction of the charge burned # is_given by

e wll.mv.. .
== ...Wnl“.'m_ﬂn d H_ OHOV
Lewis and Von Elbe!® obtained the following equation:
RY p; dn
S = P &R :
w - P . (10.20)
where ro=R [ 1~(1~n) pfpu]* . {10.21)

Fiock and Marvin®® derived two forms of burning velocity equations,

viz.,

Su=Sue A (10.22)
uﬁw .V«:.ﬁ
. } . i .I_| " Iy ﬁ‘hu |
and Sp= m_ﬁ Se+ I, p “dr (10.23)

Hrm former equation is based on the properties of the unburned mmm.‘
while the latter is based on the properties of the burned gas in addition
to the unburned gas properties,
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Manton, Von Eibe, and Lewis®! showed that the value of 8, can be
nm_oc_mﬁnn by using the slope of flame radius-time record in SM.EQ. )
with the thermodynamically computed value of the peak Homumzn _w.n
reached after combustion. The following equation was %:.ﬁn.ﬁ °

Su= drojde :
THEP T, (1024)
where R=radius of spherical vessel -
r=flame radius at any instant of time
p=density . : i
N=mass fraction of the charge burned
y=ratio of specific heats
P==absolute pressure
t=time
E=expansio i i indica
> :m.u i m_w “.MM_& M,,na subscripts u and § indicate unburned and
' indicates spatial -
M«.n&omnom initial condition of unburned gas
e indicates final condition of burned gas.
Equation (10.24) is valid for n<0,01.
mmomﬂ.,gn& mua. Agnew?? have proposed equations for the calculatj
o.m csmEnm <a_.osQ from pressure-time and radius-time records om:owzho .
M%ﬂ..m _““m aw%_wn“ﬂ“_ aﬂﬂ%.. .H,Maw have shown that the use of nona.ou:%nm
. inaf . . 4l .
Emmﬂaow can lead to errors cnﬂnm.mm% =.”.w :%n <Mwﬂnw“nw=Mw ﬁmmm”wwﬁaww
<a_oo_Q ﬁ.:. the propagation of Pressure waves. This u.uncouoawu Wa e
w_w wvw_.nﬁwv_nmiwwnnwaa the spatial velocity of the flames front mM MMMMW
an one-tenth of the wveloci i ]
also developed equations Sw_.o_.ﬁﬂ%hm.ﬁomww _ﬂﬂonumnﬁwwﬁwﬂ_mmmwrw, ﬂﬂ%ﬂwﬂ

pressure distribution. Grumer, Cook. and Kubala?® .
value of mass fraction burned can be Hmnnooa nonam tave shown that the

n=

Mw.“.n P11 P, E.a.m.* (=mu; Tosfm; T is the expansion ratio for con-
It pressure burning at P, and T:, and m is number of moles, They

claim that this equation enables
n to be calculated i
mnnn.n:o_w than from the Lewis and Von Elbe MM. m_no._wBan reliably and
O’ Donovan and Rallis** have derived the relation
ne P—P,(T,/T)
P (T —F, (TyTy (1026)

claimed to be valid throughout the process of combustion

where ﬁ....ﬁﬂﬁmulv?.rc\.?

7 (10.27)

15(45-43/1979)
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428 FuELS AND COMBUTION

This equation uses both P~t and rv—t records and is . applicable for a._.m
major part of the combustion process. mr.mnEm. >.m_.m.:§_. and an;.w )
‘wave modified the Rallis and Tremeer’s equation to %E..umﬁ 5.« use’ ©
the flame radius-time record for calculating the burning <m_on_G. ,_.wzo
10.1 shows the salient features of some of the burning velocity equations
discussed in the foregoing paragraphs.

The bomb method which only uses the pressure record may prove to be
the most accurate method for determining burning velocities. The values
obtained using flame record will again need a correction because of the
finite thickmess. of the flamé. A correction factor for the methane-air-
inixtures as discussed in.the soap bubble method will be H“mw.. ,

The constant volume bomb method is one of the m.oau:u_ B.oﬁro% ) for
the measdrement of burning velocity and the study of the effects of various
variables. Further improvements on this technique have been Em.an 0
simplify the calculations and to bring the flame to an ideal ope dimen-
sional flame. Bradley and Hundy?®® have used the constant volume method
by measuring the gas velocity S, with the help of a hot wire mﬁwEmBoﬁov
and the flame speed S by one of the following methods: (i} noMbHQBm m_uo
flame position by the vertical knife edge schlieren system, (i1) _.nmnoﬁ:w:
plate schlieren interferometry, and (iii) Gayhart-Prescott fine wire
schlieren interferometry. . . . .

However, the flame speed S, (also referred to as the tpatial velocity) is
not a unique property of a combustible mixture. It omﬁ\._ua mnos_u 8..@0
the sum af two veiocities, namely the burning or transformation velocity
(S.) and the unburned gas velocity immediately adjacent to the flame front

{Sq), i.e., . .
. .w-".mcn_vrm,n ) N
or the burning velocity is calculated by: .
85,=8—~8, {(10.33)

The tain drawback of this technigue is that due to the high temperature
of the flame, the wire of the hot wire anemometer probe is fused, and the
preparation and calibration of the wire for each explosion is not only
difficult but can also'induce error. An error of 27 in the measurement of
the gas velocity can cause an error of about 10% in the _.um._nEmmmE of the
‘burning velocity. This method is specially useful for mixtures which wmé
Iow burning velocities as in the case of limit mixtures where the oou<onno.=
causes unsymmetrical development of the flame, No correction factor is
necessary for this method,

Donble Flame Kernel Method

Flame kernels were used for the study ef ignition and flame stabilization,
but usually, because of their non-spherial shape, they were not used for

g,
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the calculation of-burning velocities. Bolz and Burlage®” tried to measure
the burning velocity using flame kernels. The. fnain disadvantage in this
is that of the non-spherical flame shape. The advantage of the.njethod is

 that the effect of the spark electrode is elimingted as the kernefl & deve-

loped in a moving stream of the mixture, However, this is swept déwn-
stream as it grows. The ngcgssary precautio is that the flow  should
remain - laminar. During the growth of the kernel the gas cannot be said
to be stationary with respect to the flame as the burned charge expands.

To overcome this difficulty, Raezer and Blsen®® developed ‘8 ynigue
process. They ignited the mixture simultancodsly at two points sall photo-
graphed the development of kernels, Since the: gas velocity on thé axis of
centers must be zero, assuming the two kernels to be &EEn.ﬁmnm_. the
speed along this axis tends to be equal to the burning velocity as the two
kernels approach each other. The *advantage -of this method is dIhat no
auxiliary measurement is required, and the approaching flame assumes a
shape quite near the ideal flat flame. It requires a small amount of the
combustible mixture and the values of the burning velocity obtained agree
well with the values obtained by other methods.

Andrews and Bradley®® further improved upon the technique of Raczey
and Olsen by developing double kernels in closed vessels. The ignition
circuit was also improved, because the success of this technique largely
depends upon the simultaneous ignition at two points. Even if the twe
sparks are ignited by a single circuit, the two spatk gaps being placed
in series can cause sufficient delay in the ignition timing between the
two sparks. This action will produce two kernels which may not bg
symmetrical. For the methane-air mixture with a flame speed of 260 cm/s
a tite lag of 2 ms can produce a flame of 1.04 cm diameter when “the
second spark will pass. If the flame kernels are not symmetrical and are
unequal in size, they will not produce a flame similar to the ideal flag
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flame. Figure 10.7 shows the two flame kernels approaching each other.
The double flame kernel technique needs further development and may
prove to be an accurate and easy method, It does not require any correc-

tion factor.

Flame Thrust Method

So far, in our discussion of the various Bo:._o% of Bommcn_nm burning
velocity, we have assumed that the préssare of the gas behind and ahead
of the flame front remajns the same, but this is not true. The pressure
difference may be negligible for slow burning mixtures (about 0.01 cm of
water for methane-air mixture), but is appreciable for fast burning mix-
tures. For the propane-oxygen mixture with burning velocity of the order
of 200 cm/s, it comes out to be approximately 1.45 cm of waier. For the
acetylene-oxygen mixture it will be much higher. The pressure difference
is set up because of the sudden heating, expansion, and acceleration of
gases at the flame front. For a burner cone this difference between the
unburned gas inside the cone and that of the burned gases oﬁm_mn is given
as:

P—Pr=p; S5 (pyfe,—1) o (10.34)
where i stands for the initial condition and ffor the final condition. To
use this equation accurate values of the difference of ?.nwm:na and densi-
ties are needed. The density calculation or measerement is noﬂ_a.ﬁnﬁr
but the measurement of pressure is a bit difficult. In order- to dbtain a
{aminar flame for fast burning mixtures; small burners are sequired. In a
small burner, the wall affects the burning velocity appreciably. Also, even
a small pressure probe will disturb the flow pattern. The value of the
pressure difference will give the average burning velocity, not accounting
for the base or tip effects. With the development of any sensitive pressure
measuring apparatus as the one developed by Payne and io_u_uoaz_ for
studying electric wind effects in flames, which can measure pressare: diffe-
rence of the order of 10~% cm of water, this technique can also be used
for slow burning mixtures,

COMPARISON OF BURNING VELOCITIES

The varjous methods used for the measurement of burning velocities have
a few inherent defects which give rise to different values of burning vele-
cities, Fortunately, most of the workers have preferred methane and

propane as fuels for flame studies, This in turn has made it easy to com-.

pare the values of burning velocity obtained by different methods. An-
drews and Bradley, in a critical review on the determination of burning
velocities, have proposed a few correction factors. It is worthwhile to

Ea
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reproduce the table given by them?. Table 10.2 shows the values of
maximum burning velocities ‘determined by different methods and the
agreeable values obtained after applying the correction factors. They have
also taken the values obtained by different workers working on the same
type of apparatus so that the effect due to various measurement errors
Ehw be observed and the average of these may m:.n an idea of the correct
value.

TABLE 10.2 Experimental and Corrected Valoes of Maximum Burning Velocity for
Methane-Air Mixture (With Permission of the Combustion Tostitate,
from Combustion and Flame, 1966, 10: 360)

e

{
|

Authors Method Correction  Experimental Corrected
factor Su ar 298 K, Syat 298 K,
os\m cm/s
Gerstein et al. Tube, orifices both ends  1.16 33 a ’ 392 )
Egerton and Tube, open ignition 1.17 3715 43.9
Lefebvre end
Henderson and Tube, orifice bothends  1.16 37.8 43,9
Hill )
Manton et al. Bomb 1.22 37.0 45.2
Manton and —do— 122 | 36.8 44.5
Milliken
Smith and Agnew —do— 1.22 37.5 45.8
Agnew and Graiff —do— 122 34.5 42.1
Karpov and Sokolik —do— 1.22 36.0 439
Babkin wdo— 122 20 39.1
Straurs and Edse Scap bubble 1.22 34.0 41.5
Bolz and Burlage Flame kernel 1.22 36.5 44.6
Gerstein et al. Burper, inner luminous 1.21 333 40.3
) total area .
Dixon, Lewis and —do— 1.2 37.0 44.8
Wilson
Diederichsen and ~—do— 1.21 39.0 47.2
Wolfhard :
Rosser et al. —do— ' 1.21 38.6 46.7
Barassin et al. —do=- 1.21 37.7 45.6
Dugger - - Burner inner shadow 1.14 37.8 43.1
total area
Clingman-et al. —do— 1.14 40.5 46.1
Gilbert —do— 1.14 38.0 433
Morgzn and Kane  Nozzle burner, schlieren 1.11 400 ' 444
: total area
National Burean of  —do— 1.1 38.1 423
Standards
Halpern —do— 1.11 374 41.5
Fells and Rutherford —do— 1.11 39.6 : 44.0
Lindow Nozzle burner, schlieren — 44.8 44.8
. particle track .
Reed ot al. ~~do— — 4.7 44.7
Andrews and Bradiey Bomb gas velocity by — 46.0 46.0

hot wire anemometry
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and for propane-air mixtures in the temperature range of 200 to
617 K

‘ : Sy=25-4-0.857% - {10.41)

Andrews and Bradley? have suggested the mo:.oi_um relation for
the methane-air mixtures at 1 atm ?.ommE.n.

8,=104-0.000371 72 oE_._m . Go Amv

D s A e e e e

Ifa E&.coﬁvoa.&n mixture is vmowﬁzna over 800 K, En Enmaﬂo
reactions may occur which anazoo the burning velocity, Kuehl® observed
that the point of maximum burning velocity shifts to less rich mixtures
with increasing temperatures. Dugger, Weast and Heimel3® reported that

if the gasis kept preheated fora longer rime the burning <a~on_€ is
decreased.

<

‘

Pressure Dependence of Burning Velocity

Considerably more work appears to have been done on the H:dmmﬁo than
on the lemperature dependence of burning velocity., Much ooEHoﬁaw
apparently exists regarding the dependence of burning velocity ost pressure,
particularly with fuel-air mixtures. In general, however, the reiults indi-
cate an increase of burning velocity with reduction in pressure. The
existence of a maximum burning velocity at a pressure of »ﬁﬁa&ﬁBﬁo@
300 mmHg has also been reported on more than ope océasion; On the
other hand, Manton and Milliken® suggest pressuze dependence {o be a
function of the absolute value of the burning velotity, and indicate the
existence of a critical burning velocity, above which the pressure . nnunu.
dence is positive and belbw which it is negative.

Ubbelohde and Koelliker®? appear to have been the first to n:.os.uo
experimental evidence of the dependence of burning velocity on pressure.
Using a burner with various mixtures over the pressure range of 1 to 4 atm,
they found the burning velocity to increase with a reduction in pressure.
Hydrogen-oxygen mixtures proved to be an exception to this rule, Carbon
monoxide-air mixtures appeared to have a maximum burning velocity
at 300 mmHg. Wolfhard® measured the burning velocity of acetylene-
oxygen mixtures by the total area method between 10 and 760 mmHg.
In the range for which the measurements are reliable, S was found to be
constantwith a decrease in pressure up to 10 mmHg. Gilbert’s® results for
both acetylene-oxygen and propane-oxygen at lower presspres (down to
3 BBEE are affected by the flame shape and depend on burner size,
but do dot inditite any NE,RE»E« variation in burning 4&8& with
pressure for thede flames. v

For methane-oxygen nixtures, Smith and Agnew* found a positive
dependence of burning velocity on pressure with 5, values of 5.64 m/s at
1 atm and 3.86 m/s at 0.1 atm using the spherical bomb method. Strauss

s
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and Bdse'? found positive pressure dependence of burning velocity for
hydrogen-oxygen and methane-oxygen flames between 1 and 90 atm.
This finding is in genera! agreement with Agnew and Graiff**,

For hydrocarbon-air flames, Gilbert’s results for methane, ethylene,
propane, and isobutylene with air using a burner method, m:. show some
jncrease at low pressure, while Smith and Agnew’s spherical bomb ex-
periments on metbane-air show a definite negative dependence over a
quite large range of 0.1 to 20 atm. Diederichsen and Wolfhard?®, using a
burner method, also found that the burning velocity of methane-air
mixtures decreases to a value as low as 6 cm/s at 40 atm. Rallisi* et al.
for acetylene-air stoichiometric mixtures, using the spherical bomb method,
concluded that the pressure dependence is such that when, at 300 K, the
pressure is increased from 0.3 to 2.0 atm, then. the burning velocity first
increases from 1.14 to 1.31 mfs at 0.75 atm, where it rcaches a maxi-
mum. It then decreases to the minimum value of 1.2 m/s at 1.15 atm,
after which it again rises to 1.275 m/s at 2.0 atin, The burning velocity
tends to become independent of pressure for very high values of pressures
and temperatures.

Manton and Milliken®, using the bomb method, mo:ca that the pressure
dependence of methane, cthylene, and propane-oxygen mixtures with

various amounts of nitrogen, helium mE_ argon as diluents could be
expressed by

S,oc PP (10.43)

where the pressure exponent m is a function of burning velocity. Below
0.5 m/s, m is negative whilst above I m/s, it is positive.

Lewis®® has reported the pressure dependence of burning velocity for a
large number of flames using the spherical bomb method. The pressure
mnvmnannno can be expressed as a simple power law:

Suar/Suay ={Pa/ Po)" ) . (10.44)
where Su and S.p are burning velocities at pressures Po and /%
respectively. The values of pressure exponent # in the empirical Eq. (10,44)
are shown in Fig, 10.9. Bradley and Hundy®*® found the pressure exponent
for methane-air mixtures using hot wire anemometres in closed vessels as

) Syoc P08 - (10.45)
Egerton and Lefebvre! expressed the effect of pressure on the burning
velocity for methane-air mixtures over a pressure range of I to 9 atm as

Secc P74 for 99 mixture (10.46)
and Succ P95 for 1Y%, mixture v (10.47)

Babkin ct al.% suggested the pressure dependence on S, for methane-air
mixtures over a pressure range of 3 to 60 atm as

Sy=37.4 P;vs (10.48)
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240 . FUELS AND COMBUSTION

confirmed the observation of Fowler and Corrigan that the D.C. field is
more effective than the A.C. field. Their observations have shown that the
effect of the high frequency field is less on the flame propagation velocity
as compared to the low frequency A.C. field, but suggested that the high
frequency field increases the value of the burnin g velocity. They attributed
this increase in the burning velocity to the increase in the vibrational Ievel
of electrons,

Effect of Mixture Composition

The effect of mixture composition is quite marked on the burning
velocity. At a very low percentage of fuel, the mixture will not ignite or
the flame will not propagate. The flame will only start propagating at a
particular concentration of the fuel-oxidant mixture, This conceatration
of fuel is known as the lower limit of inflammability, sometimes called the
limit of inflammability, and the burning velocity at this limit js known as
the limit velocity. The concentration of fuel is generally expressed. in terms
of the equivalence ratio, ¢ defined as the actual fuel-oxidant Hm:@. divided
by the stoichiometric fuel-oxidant ratio. Generally the lower inflam-
mability Iimit is 0.5 to 0.6 times the equivalence ratio and the jower limit
<n._603, for the hydrocarbon-air mixture is about 15 to 20 om:_m. As the
mixture strength is raised, the buraing velocity increases to a ‘maximum
<E.:o ata slightly richer side of the stoichiometric ratio. The 2.—5.<Eaboo
ratio for the maximum burning velocity, ém varies mu?.oﬁ.i.»ﬁg from 1.1
to 1.35. A few empirical relations are available to calculate the. burning
velocity at different values of ¢, if the value of maximum _umg_.nw velocity
and ¢. are known, but there is no general formula.

Sometimes the fuel-oxidant ratio is expressed in terms of En..EmﬁE.n
strength X, which is the reciprocal of $, i.e., it equals the ratio of the actual
mEoF.:: of oxidant to the stoichiometric amount of oxidant required. After
mn.nEnEw a maximum value, the burning velocity starts decreasing, as the
E:.a:n.w strength is further increased. Thus a bell-shaped curve is obtajned
which is symmetrical about the axjs giving ém. Again, at another value of ¢

known as the upper limit of inflammability, the flame faiis to propagate

itself. At this equivalence ratio, the burning velocity will be referred to as
ﬁa.:vvo_. limit velocity. It should be noted that, at the inflammability
limits, the burning velocity is not zero, but hasa finite value which is
about one-third to one-fourth of the maximum burning velocity. Figure
10.10 shows a set of curves for burning velocity at different values of per
cent fuel in air. This bell-shaped behaviour of S, versus per cent fuel in
+ oxidant (or equivalence ratio ¢) is almost universal with each fuel.
mE.:.EP Agrawal and Gupta®™ have presented various correlations
m.__oﬁmm the dependence of laminar burning velocity on mixture composi-
tion, E.m:m_ temperature and initial pressure. An equation for E,n&w:nw
the laminar byrning velocity of methane-air mixtures for initial pressures
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of 1-8 atm, temperatures of 300-600 K, and equivalence ratios of 0.8 to
1.2 in a constant-volume spherical combustion vessel is:

Su=C (Tu1300)Y ¥ for ¢ < 1.0

Sur=C (Tu300)" V¥ for g > 1.0

where C=—4184-1287/¢ — 1196/ 360/6°—15 ¢ (log., P).
The values obtained by this equation compare with the values deter-
mined experimentally by the miwoa to within 9 per cent.

T T 1 T I T T T T T i T
. ‘ Ethylene
[14) od -
o Carbon Disulphide
. L
Benrene
m. Lo -
" Propyleng Methane B
= Cyclohexane
304 .
1 Penfane Agetone 1
201 ]
- Hexane Ethyl Ether
6. I (S N [T W, IO D 1A
0 2 4 & k. 10 a2
% Fuel n alr
Fig. 10.10 Effect of per cent fuel on the burning velocity.
Effect of Admixtores

The effect of admixtures on burning velocity is quite pronounced and of
great practical importance. AdmiXtures may be classified as inert and active
admixtures. For inert admixtures the oxidant is usually replaced by some
inert gas, e.g., A, He, N, COy; etc. It is observed that the effect of the
inert component is the dilution of the mixture, thus the burning velocity
is always reduced and the ignition zone narrowed, i.e., the lower inflam-
mability limit is increased while the upper limit is reduced.

Stevens!® found that for the above four inert gases, the effectiveness was
in the order: CO,>N,>He>A. The ipfluence of an inert gas depends

upon the heat capacity, diffusion constant, and thermal conductivity of the .

AN
16(45-43/1979)
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244 FUELS AND COMBUSTION

It should be noted that these laws will not hold true for a mixture of -

fuel with bydrogen or carbon monoxide, but are quite useful for mixtures
of simple hydrocarbons. )

The effect of H;, H,0 and CH, is sometimes catalytic, e.g., a small
amount of H, or H;O appreciably increases the burning velocity of CQ-air
mixtures. Garner and Johnson®® found that only 0.23% of H, in the
carbon monoxide-oxygen mixture increased the burning velocity from
100 to 760 cmfs. This effect can be well explained by reviewing the
mechanism of carbon monoxide oxidation with or without the presence of
H, or H;0 as discussed in Chapter seven. The effect of ethyl nitrate, ethyl
iodide, and chloroform was found to .be similar, while carbon tetra-
chloride reduced the burning velocity, thus showing an inhibition effect.

400 P

1 T 1 T
O Alkane c-Cc-C
R A Alkene C=C-C ]
0O Alkyne c=C-¢C
360 d -

T

10

240

200+

.,.

,.

,_.

280 —. —

,.
_.
,
,_

{5y, max/ Sy max, propane ) x 100

150 / \ .
\ LN
- /. /n/ =
120+ \ e b
[
-.lbll..lbl..llb
| Ke) - .
o\ 0 [+ J—
X 1 ] ] 1 1
moo 2 [4 3
Number of Carbon. Atorne
in chain

#Fig. 10,12 Effect of chain length and saturation on relative burning velocitles
of straight chain hydrocarbons at 25°C and 1 atm.
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" For hydrocarbon-air ‘mixtures, it is found that organic halides and
metallicsalts have a pronounced inhibition effect. Zentler Gordon® found
that 0.13% by volume of n-octyl bromide reduces the flame speed of town
gas by 509, and 1%, of it reduces the flame speed to 1/5. He observed that
the effect of heavier organic halides is more and bremides are more effec-
tive than chlorides or jodides. .

- Hydrocarbons are found to be good inhibitors for bydrogen-air flames,
e.8.. 317, of butane reduces the flame speed from 275 to 15 cm/s. Similarly,

0.5% by volume of Fe (CO}, reduces it to 65 cm/s. Rosser, Inami, and

Wise®® found that | x 10-% glem® of Na, CO, reduces the burning velocity
of methane-air mixture from 65 to 15 cm/s,

Effect of Fuel Structure

Figure 10.12 shows the effect of the number of carbon atoms in the fuel on
the maximum burning velocity for alkanes, alkenes, and alkynes. The
burning velocity increases in the order: alkanes < alkenes<<alkynes. For
alkanes (saturated hydrocarbons such as propane, butane, hexane, etc.),
the burning velocity is nearly independent of the number of carbon atoms
in the fuel molecule. The effect of increased chain length decreases the
burning velocity of alkenes and alkynes.

Example 10,1 .
Calculate the limits of inflammability of a liquefied petroleum gas (LPG)
mixture which has the following volumetric analysis;

CH,: 1.6%, C,Hq: 14.0%,; CyH,: 53.4%, C,H,, (iso +normal): 31.09,
Solution:

From Table A.6 the lower and Euvo_.. limits of inflammability of the
constituents gases are given below: ’

Limit of inflammability (% by volume)

Gas Lower Upper
CH, 53 15.0
CsHy 3.0 12.5
CsHg 212 9.35
CyH;z, (is0+1) 1.83 8.43

q._ua_.nnamn&zﬁmnow EnuBEuE:Qoanwoaw_oimn&mw oEu_owEwEa
simple rule of mixing:

Le atbt+edd
4 b e d
T T L

where a, b, ¢ and d are the percentage proportions of the gases present in
the LPG mixture,
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248 PuUELS AND COMBUSTION

S,

I

er Su

f

7
8 \,
4

2

cm/s

l

HM»BE» 1.5

Consider that a homogeneous combustible mixture is spark-ignited at the
centre of a soap-bubble and the flame growth is recorded by a rotating
drum camera. The change in the radius of the flame sphere with time after
spark is given below:

Time after spark, ¢, ms 1,12 223 334 446 520 7.80 9.66 11.50

Flame radius, rp, cm 107 222 351 476 560 694 705 7.05

The initial diameter of the soap bubble is 7 cm. Determine:
(a} The spatial velocity of the flame in em/s

(b) The expansion ratio of the soap bubble

(¢) The burning velocity of the combustible mixture.

Solution:
Plot the flame radius (imn cm) versus time (in ms) graph. The linear
portion represents the smooth travel of the flame, the curved portion
results when the flame front nears the end of the ooEccm:EmBRan and
begins to slow down.

The spatial velocity of the flame is given by S,=dry/d?. On measuring
the slope of the r.—f curve over the linear portion, we get

&_ﬁ ary
T

In order to determine the final radius of the sphere of the burned
mixture from the plot of lame radius vs time, the portion representing the
slow expansion of the sphere is extrapolated back to the intersection with
the rapidly expanding portion. The intersection of the two linear segments
is used as the final diameter. The expansion ratio of the soap bubble is
calculated from the relation:

muﬂ Jttoal v,,u,::
7 1nitial

=1052 cm/s

The burning velocity is determined from the equation:

= =T 134.8 cm/s

Example 10.6
In an experimental study tQ determine the burning velocity of a hydro-
carbon fuel-air mixture by the constant volume bomb method, simultane-

”
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ous records of flame growth and pressure rise with time were obtained by
igniting the mixture centrally in a spherical vessel of 14 ¢m internal dia-
meter. The initial pressure and temperature of the combustible mixture
were 1 atm and 300 K. The values of pressure and flame radius measured
from P-t and ry-f records at regular intervals of time in the early stages
of combustion up to P/P;=x1.2 are given below:

Time after spark Observed flame Observed pressure
¢ (ms) ry (cm) 7 (atm)
[} 0.0 1.0
2 0.23 _ 1.0
4 0.65 1.0005
6 1.07 1,0015
3 ‘1.48 1.008 .
10 1.89 1.0225
12 23 1.0452
14 2.7 1.074
16 3.08 1.1018
18 3.44 1.1463
20 3.78 1.2071

The thermodynamically computed value of the equilibrium pressure P,’
following constant volume combustion is 8.75 atm,

Compute the value of burning velocity by the use of

(i) Lewis and Von Elbe equation requiring E.n%_.:a.:sa record alone
and P,’, and

(ii) Manton and Von Elbe equation requiring flame radius-time record
alone and P,’.

Take the value of v for the unburned mixture as 1.35.

Hints for Solution:
(i) The Lewis and Von Eibe equation is:

Sum &Dﬁhw% A..Walv:.?
“ dt Iy P .
118
where :Im _H i huﬁ .|._

|m_umlb.b:.ﬁz
:l wﬁw..lk

Tu P \u—Divu
and I.HA Fv

Since R, Py, T, yu and P,’ are known, r;, ry, Tu can be calculated corres-
ponding to different values of P and ¢ from the P~t record in the initial
range up to P/Pi=t|.1. The calculated value of r, can be compared with
the observed value of r, from ry—t records. To obtain burning velocities
it is necessary to plot values of r; obtained from the above equation as a
function of time and to determine the slopes dr./dt.
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" TURBULENT FLAME
PROPAGATION

The effect of turbulence on flame propagation has long been kpown.
Mallard and Le Chatelier attributed the high velocity of flame propaga- ¥
tion, obtained under certain circumstances, to the effect of turbu-
lence. Similarly, the fact that the charge inside the cylinder of an internal
combustion engine could bs burned in a very short period of time was
due to the effect of turbulence. Although it was known that turbulence
could increase the burning velocity by 10 to 100 titaes, the mechanism of
flame propagation under turbulent conditions was not known till 1941,
Turbulent lames usually exist in most engineering applications, e.g., I,C.
engines includiag jet and rocket engines, welding torches, furnaces, etc.,
but the theoretical and experimental work doane on turbulent flames does
not still lead to any definite laws or the concept of turbulent fame
propagation.

" As stated carlier, a flame propagates in a stream at a velo city which is
the vector sum of the burning velocity and stream velocity. In laminar
flow, the flame is usually a thin smooth surface. The shape of the flame is
governed by the gas flow geometry in a burner and by the shape of the
vessel in a stationary mixture. For a laminar flame, it is possible to define
the burning velocity, independent of the measuring apparatus within
reasonable limits. This is not yet possible for a turbulent lame. Values of
turbulent burning velocity depend not only on the apparatus used, but
also on the concept of the turbulent fame assumed. In turbulent flow, the
stream velocity fluctuates at random and, consequently, the flame in such
a stream is continuously subjected to random distortions as it conforms
to the fluctuations of the stream.

Figure 11.1 shows a turbulent flame on a burner, illustrating the A
boundaries of the flame brush and mean flame surface about which the .
instantaneous flame front oscillates. A turbulent flame would consume -
greater quantitics of the fuel air mixture than a laminar fame of the same
height. The mean flame hLeight and width of the burner port can be used

TURBULENT FLAME PROPAGATION 253

to estimate the lower limit to the flame volume required under a parti-
cular set of conditions. Any reduction in the available space would lead
to inefficient burning. The distance between the inner and outer bound-
aries of the flame brush at the tip of the flame is called *“brush width’’.
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Fig, 11.1 Turbulent flame mode] showing flame
‘ brush and mean surface .

11.1 TURBULENT BURNING VELOCITY

In early attempts to measure the turbulent burning  velocity,
Gouy’s definition of burning velocity was employed. Imitially it was
assumed that the visible jnner cone of the flame corresponds to the
turbulent burning velocity and the outer cone corresponds to the laminar
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not shifting appreciably with Reynolds number. Whol et al. also obtained
a similar shape, but the maxima shifting slightly towards the richer side
with increase in turbulence. The maximum of the turbulent burning
velocity curve is found to be quite near the concentration for the
maximum value of the laminar burning velocity curve. All these results,
except those of Williams et al. at higher velocities, support the wrinkled
flame model. Williams” observations indicate that the turbulent burping
velocity is characteristic of flow only and independent of laminar burning
velocity, type of fuel, or fuel-air ratio. Figure 11.2 shows the results
obtained by Lefebvre and Reid!* for propane-air mixtures,

Effect of Fuel Type :
Bollinger and Williams reported turbulent burning velocities for three
fuels, viz., acetylene, ethylene, and propane wvnder similar conditions
with air as the oxidant, They obtained a common empirical equation
Sr=0.18 §,, d** Re? cm/s (11.6)
where d is the diameter of the burner in cm. It is obvious from Eq. (11.6)
that the turbulent burning velocity is directly proportional to a_..o laminar
burning velocity.

Effect of Initial Temperature

Hoiligenstaedt!® measured the effect of the initial temperature on the
turbulent burning velocity of coke-oven gas-air mixtures. The turbulent
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Fig. 11,2 Effect of air.-fuel ratio on turbulent buraing velocity (With permission of
the Combusion Institute, from Combusion and Flame, 1966, 10: 360.)
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burning velocity was measured by taking the infier visible cone area. He
proposed that St varies with absolite initial temperature as:

. Sr oc T8 . LT
Similar results were reported by Delbourg® on town gas-air mnB..um.

It was observed that the ratio of turbulent to laminar burning velocity
is nearly independent of the initial temperature,

Effect of Pressure

Goldenberg and Pelevin'* reported the effect of pressure on turbulent
burning velocities. They studied the effect on a burper where the flame
was stabilized with the help of a pilot flame. The experiments were carried
out in a pressure range of 100 to 760 mm of Hg. No screens were used to
generate turbulence. The intensity of turbulence varied between 4 and 5%.
Two sets of data were obtained, one by keeping the Reynolds number
constant, and the other with constant flow velocity, At constant Reynolds
number, they obtained the following relation ‘

.m.ﬂ.o
5T @RS
or . St cc p-0-23 (11.8)

where P, and St, correspond to atmospheric conditions, Similar results
were obtained for the Reynolds number varying from 4000 to 16 000.
These results are similar to those for the effect of pressure on S.. Keeping
the flow velocity constant they obtained the following relation

. Sr = ApP® , (11.9)

where n=0,455 and the coeflicient A is a function of the fuel concentra-
tion

or Sr oc piriss (11,1Q)

Depending upon the experimental results and bydrodynamic considera-
tions, they predicted that for the isotropic turbulence generated by the
screens, St is expressed as

. Srecpt 11.11)

They suggested that the factor influencing the turbulent burning velocity
on changing the pressure is the change in density and hence the kinematic

viscosity.

11.3 CONCEPT OF TURBULENF FLOW -

In laminar flow of fluids, the streamlines remain ‘paraliel to one another.
If the velocity of flow is increased or a disturbance is introduced in the

17(45-43{1979)
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950 Fuels AND CoMBUSTION
Stracture of Turbulence

Turbulent eddies have both translational and rotational motion. The
turbulent mass of the eddies and mixing length are more .Ew.u the mole~-
cular mass and mean free path and hence far mose effective in the trans-
port process. The large eddies which are vnoa__n.& .E_.Hmn the streams first
interact are very anisotropic. The large eddics S.Eﬁ_w mo.uEna n‘__o to
(ubBulente penciating gfids Of bifies havé “a'low wave- nuniber, -and are
of the order 6f a few hundfed Hz frequency as shown E..Em. : 3. By a
process of voitex stretching - and threngh w.wﬂoaﬁi of Aaa%auawo.m@:a
is made isotropic. The stretching of vortex oFan: in any one n__.-.noson
leads to a reduction jn length scales with an increase in <o_o.o=< and
vyorticity components in the other two &_.oo:wnm“ Vortex ﬂnan.nw_nm plays
an important sole in the break-up of eddies into mEm:nu sizes E.a the
process continues till the eddies become so small that they are eliminated
by viscous friction. The small scale eddies have a larger wave u.:E.oQ. and
a higher frequency of the order of 10% to Ho.m Hz. .F this region of the
turbulence spectrum the motion is highly isotropic (no prefgrence to any

direction).

Dependent on conditon of 3_.3&3.: :
independent of condition of __o:.:m_:nn,
A _
M:».H }p— l|'”ll||- B ]
)
~
N
N
X
Q2
-7
'y ¥
L ]
ke g
: Wavenumber k .
Muu ....,3& Wmaoqu<| .M;cicm..mn_ Equilibrium maau/o
s Ycontaining § . A pissipation 3
permanent Wman_pm { inertial mmzo_._upn N
character Rahge 3

Fig.11.3 Turbulent energy spectrum.

It is possible to obtain the maximum kinetic energy of turbulence with
gnergy balance without the necessity of finding the local turbulent stresses
(Reynolds stresses), eddy viscosities of various elements of the fluid
involved, etc.

TURBULENT FLAME PROPAGATION 261

Taylor using the theory of statistics and Fourier transformation ‘vmm
shown that for isotropic turbulence the rate of encrgy dissipation is given

by
8a \*
) e=15v ﬁlwm.. v
He defined a length scale A called the Taylor microscale such that
LA |
(22t

where «' is the r.m.s, fluctuating velocity. He also introduced a Turbulent
Reynolds number Ra based on A (Taylor microscale) and defined
Ra=uw'Ajv where v is the kinematic viscosity of the fluid.

Kolmogoroff has proposed that for a large Turbulent Reynolds number
the fluid has a universal character, and the Iocal small scale eddies of
turbulent motion are isotropic whether the large scale eddies are isotropic
or not. The motion at very small scales is chiefly governed by the viscous
forces and the amount of energy handed down to them for the larger
eddies. He derived from the universal equilibrium theory microscale
values of length n, velocity Uy and time vn based on ¢ and v only.

The Kolmogoroff scales as shown in Fig. 11,4, are defined as

a_nu__..
sN Alnﬁv H\:unu:xwutu
Yy _ . e ¥

. 15 T,
1

o = uu:.ﬂtu A
K e U, 1578y

Un = () =

Effect of Flow Velocity and Tarbulence on Turbulent Burning Velocity

Turbulent flame propagation parameters used for the correlation of tur-
bulent burning velocity, as proposed in the literature by various investi-
gators; are different in different cases and they either contain apparatus
dependent terms (duct diameter, bar width of the turbulence generating
screen, and mesh size) or mixed chemical and turbnlence parameters (S,,
u', and J). -

Figure 11,5 shows the effect of the intensity of turbulence on the tur-
bulent burning velocity using equations as indicated besides the curves
(for equations, see flame theories). Itis seen that with an increase in the
intensity of turbulence, there is a substantial increase in the turbulent
burning velocity. .

Figure 11.6 shows the effect of an increase in flow velocity at various
intensities of turbulence. It is observed that the turbulent burning velocity
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1 264 FyeLs AND COMBUSTION .

empirical relation representing the effect of inlet flow velocity and inten-

1
A . 8
sity of turbulence on the rati w.m :

.,‘ _.WH. ) es q 1-12 i .-

5= 142625 + 14 ﬁﬂ:v (11.19) ,
4 where U is the inlet flow velocity in ft/s. )
‘ _ Lefebvre and Reid!2 proposed the empirical equation -
' 2L 140430 + 0040 (11,20)

where U/ and «" are in fit/s. Both these experimental results were obtained
- using propane-air mixtures on enclosed flames in a horizontal duct, the
flames supported by the bluff body and pilot burner respectively.

" Acetylene o
! 300 L a\\
N 4
)
_ Yy
Zz .
. 250 Y G
. .
» ° ® > ° ,
1 m \o
G 200 \ N
. ~ o
oy ° : '
m \.mc->on€_m:m {147 cm/s} . :
: 2 150 “ _ — = 1
o Sy~ Ethylene Ethylene
: = {70 ¢m/s) . > e m—
! -nlu -
i 2100
P = Propane
: ] =" o
‘S - -l
“ a Ao |Burner
" 5 ol diometer —
! ~ 50 mm
: a 525
" Su-Propane {45cm/s) : wmﬂw
i _ . 2843
: ° 0 10 20 30 a0+10°me

” " Reynolds number of pipe flow

\ Fig. 11,7 Variatien of turbulent burnlng veloclty with wnw-e—._u” number,
; {After Bollinger and Williams.)

11.4 STRUCIURE OF A TURBULENT FLAME

In the case of a laminar flame most of the fuel is burned in a very thin
reaction zone, hardly 10 to 20%, of the heat is liberated in the preheat

A

TURBULENT FLAME PROPAGATION 265

zope and after the luminous flame front. Figure 9.1 representing the
structure of a laminar flame is enlarged to show the exact concentration
and temperature profiles, otherwise the gradients of concentration and
temperature curves at the ignition point are very steep. However; in the
case of a turbulent flame a thick brushy flame is obtained. Most of the
reaction takes place between the visible inner and cuter. cones. Approxi-
mately 2 to 3% of the reaction takes place before the visible inner cone
and about 80 to 90%, of the fuel it consumed before the outer visible
cone. Inside the thick visible flame the reaction proceeds smoothly. Figure
11.8 shows the concentration profile of a turbulent flame in a burner. At
the bottom of the curve two visible cones are drawn., The curve

901 ) _ h
R 8o e ‘
+ 70
260
e 507
‘g 40
39 /
m_o. 4
a 0
2 I"W[EIF
= S

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

L/fd
Fig. 11.8 Structare of a turbulent Aame,

represents the time average value of the concentration. Assuming the
visible flame model, the concentration profile at a particular planc
and at any instant resembles a laminar flame profile. The position
of the reaction zone keeps mrm.nnm between the innmer and outer
comes with respect to time and location. The above picture is essentiaily
for largoe scale turbulence. . :

11.5 TURBULENT FLAME THEORIES

No rigorous mathematical description of a turbulent flame is yet avail-
able nor does it seem likely that it will be availeble in the near future.
The theoretical considerations are regarding the physical picture of a
turbulent flame and enable the prediction of the effect of turbulence on
‘burning velocity. There are two models of a turbulent flame: the first was
proposed by Damkohler! who suggested a wrinkled flame, the mixture
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268 FUELS AND COMBUSTION

considered the effect of molecular transport also apart from the diffusion
in case of fine scale turbulence, and proposed ‘ )

Sr=S§, L.Hwa (11.30)

where D is the molecular diffusivity.

For large-scale turbulence, Shchelkin agreed with Damk8hler’s model],
but took the height of the turbulent flame cone to be proportional to the
intensity of turbulence, equal to 7 v/ i5,. The expression for the ratio
Sr/S, is written ag

hY B N
mm)\ i+ Almw ) (11.31)

where B=2 for a cone. The equation reduces to Damkéhler’s equation
for

(BV 7 5,)25 31
or for vV b Sa : (11.32)
For large intensities of turbulence, Shchelkin suggested _
Srocy/ 8 ) - (11.33)

and is independent of S, i.c., it is only dependent on the intensity
of turbulence and is independent of the fuel type, airffuel ratio,
etc. Shchelkin proposed that for very high intensities the -wrinkled
flame front breaks up into small balls burning independently, their
size reduces as they move downstream and as the mixture inside burns up
(Fig. 11.10). Karlovitz® also supported Damk&hlér's writtkled flame
model but argued that the turbulent burning velocities measured by the
angle method on burners gave much higher values than the theoretically
i
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Fig. 11.10 Structure of combostion wave in a highly tarbilent flow,
(After Shchelkin,) | ’
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computed values of Sr which he attributed .to the flame generated
turbulence. He found that for weak turbulence

Sr=S.,+4 _ (11.34)"

and for strong turbulence

Sr=8,4+(2 S, u'} "¢ (11.35)
He suggested that the value of St is much more dependent on S, rather
than on the intensity of turbulence even at the highest level of turbu-

lence.
Scurlock and Grover'? considered the wrinkled flame model for large-

scale turbulence. They also emphasized the effect of lame generated tur-
bulence, and assumed that the passage of an eddy through a plane flame
front produces wrinkling. The effect of passage of}a single eddy of
different intensity from a plane flame front is shown in Fig, .:::.
Figures 11.11(a), 11.11(b) and 11.11{c} represent the' intensities u'/S,=

., 11,11 Effect of passage of slngle eddies of different Intensity across a flame
_Nmn 11 nnanﬂ ?_..:E permission of the Combustion Institute from Fourth
Symposium International) on Combustion, 1953, p. 646.)
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272 FuyxLs AND COMBUSTION ,

»nmwm. produces random fluctuations in the unburned. gas, :Em increas-
ing the turbulence intensity. The turbulence -increases as the burning
proceeds from the base to the tip of the flame. Karlovitz, based on the
expansion ratio, computed the flame generated turbulence a3

4 @=(/V T Neufrr—1) S. (11.37)
However, many experimental results still conform to the simple model
of Damkohler, without exhibiting any _B_uonwﬁ generation of additional

“turbulemce by the flape.—~ -~

Summerfield first suggested that the turbulent flame is not a surface
phenomenon. He. considered -the turbulent flame to be a <eep zone of
chemica! reactions as suggested by "Shchelkin for high intensity turbu-
lence. Spalding also suggested that instead &. the wrinkled flame, fame
propagation in turbulent flow is determined by the rate of entrainment. of
cold mixture by hot gases, He did not give any specific equation for St
but suggested that St is independent of the scale of turbulence or intensity
of turbulence, but is directly proportional to the inlet velocity of the
mixture. He further suggested that the turbulent burning velocity is
independent of the laminar burning velocity, except indirectly thirough a
relation between S, and the density ratio py/ps. Shetinkov?® assymed that
both surface and homogeneous burning may take place i.m. turbulent
flarae. However, he suggested that most fuels burn in Emo_woa.oEBow
homogeneously.

From the above review of turbulent flame theories it is observed that
most of the . investigators have focussed attention on the “infliience of
intensity of turbulence on the turbulent burning velocity, ,.,,,m:_”_onmv
Damk&hler did introduce the mixing length congept and the macroscale
of turbulence for the effects of small-scale turbulence, Efforts are presently
in progress to determine the influence of scale independently g various
levels of intensity of turbulence.

Ballal and Lecfebvre'?* conducted experiments on enclosed flames
using premixed propane-air mixtures at atmospheric pressure in a duct
31 c¢m long and 10X 10 ¢m cross-section. By suitable modifications to grid
geometry and flow velocity, the scale and intensity of turbulence were

varied independently in such a manner that their influence on burning -

velocity and flame siructure could be studied. They identified three dis-
tinct regions, each having different characteristics in regard to the effect of
scale on turbulent buring velocity. This 3-region model is supported by
the experimental data briefly presented below.

Region 1 ' < 28, This is generally a region of low turbulence inten-
sity and low inlet velocity, Fig. 11.14 shows that Sr/Su increases linearly
with an increase in the integral scale of turbulence L. From examination
of the schlieren photographs and with burning velocity measurements
this region was identified to depict low turbmlence. The authors suggested
that the buring velocity is increased due to the effect of turbulence by
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the wrinkling of the flame and thus extending its surface area. The
experimental data can be correlated by the expression:

ST\ ¥'L \?
(5 Y =1+0125 Au..yv
when ¥’ <928, and > 8§,.

7 is the Kotmogoroff scale which can loosely be said to represent the
smallest eddy size of dissipation as shown in Fig. 11.15.
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_..._m. 11.14 Iofluence of turbulence scale on the ratio of tarbulent to
laminar burning velocity.

Region 2: #'=225, In this region of transition the turbulent burning
velocity is virtually independent of the integral scale Z and laminar burn-
ing velocity or the physico-chemical factor. Figures 11,14 and 11.15 show
clearly that Sr/S, becomes independent of the scale when u'=225,.

Region 3: u'>28, The increase in intensity of turbulence is usually
accompanied by a decrease in scale. This region of strong turbulence
indicates that the turbulent burning velocity depends on the laminar
dﬁEEm velocity and tends to decrease with the increase of scale. As

18 (45-43/1979)
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TABLE 11.1
Summary of the Important Models on Turbulent Flame ‘Propagation
Authors and . Postulated Flame Structure| Eguations{Criteria Coriclmion.rlRemark:
Reference Assumptions
1 2 3 4
Damkohler? Wrinkled laminar flame _S_T,_I +5 Sy independent of the scale of
" Su turbulence
(&) Large-scalc turbulence /,3-8, Sy m 4’ when u'®> S, ' '
Spec Re
(b) Small-scale turbulence < g - - i
- : T £ where e = Bddy Sy increases due to rate of trans-
tai‘o ntlz:lgil:ncss of laminar reac- —= J » diffusivity port processes
Shehelkin®® () Wrinkled conical laminar flame
(i) & < S h>>8 Sy { LB (15,2 ]‘f‘ Sy independent of scals of tur-
Sy bulence
where B==constant
i) o »8, L»?, . Sp ety
Surface split ' into separate
eddies (islands)
(b) Small scale Sr_ 4/ =
Sy v " {contd)
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Jable 11.1 (contd)

2 ’ 3

Kozachenko*®

Ballal and Lefebvre!™™

e |

Wrinkled laminar flame with ST=Su"+4u""+u""
additional turblence generated by

& St_ ., 8w [eules—1
ST +[v‘3-_
[ 1 [ Su_ VP
Su+u’) ]
u’
- >1

- [t ]

Combination of wrinkled laminar
and distributed reaction zone

.. ST u Sr\* _ u'L )’
(ii) i L when §;<2.0\‘ (Wsp.) =1 +0.125 T

U Lim

2 S le— >0 Ein)

8
n= Kolmogoroff scale
(il) Su/Su independent _of seale”
when u'|Sues20

(i1} Sx/Su @ 1/4/ L when

(Sr/Su)*=10"* (a'|L) or
u'|Su>2.0, 7<8,

ST/Su=0.5 u’ St/Sun

(iy Wrinkled laminar
flame

(ii) Transition

(iif) Distributed reaction zone

SRS

Andrews™2® et al,

Spalding?

Wright and Zukoski®

Lefebvre and Reid

Sanematsu™

Combination of wrinkled laminar Ry =a"\fv
.and  distributed reaction zone
models

Flame propagation depends on None applicable
entrainment of cold mixture by hot
gas

Flame propagation dependent on None applicable
inlet low velocity .

Wrinkled laminar flame model Sr/Su=1+0.434'1+0.04 U

u I
ST}'Su=—S;- . T'n . gn

Wrinkled laminar flame model

b=screen mesh diameter
$=equivalence ratio

n=constant

R, <100 perhaps wrinkled laminar
flame

(i) Sr independent of scale of
turbulence and % turbulence

(ii) Proportional to inlet velocity

Rate of flame spreading froma
bluff body was found to be remar-
kably independent of approach
stream speed, temporature fuel-
air ratio, fuel type, as long as
flame is turbulent and flow sub-
sonic everywhere

Flame spreading rate varied with
2 turbulence and fuel-air ratio at
all velocities
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12
FLAME STABILITY

Flame stabilization is accomplished by the interaction of the flame and
flow in a burner. In order to understand this interaction, an analysis of
open or confined flames on bunsen-type burners will be helpful, In
ramjet type combustion chambers, flame stability is achieved by attaching
the flame to a simple device known as a bluff body, e.g., a rod or a plate
placed normal to the flow. The discussion of flame stabilization presented
in this chapter is limited to open burner flames with secondary (ambient)
air, which have been studied by a number of investigators.” The mech-
anism of stabilization of combustion waves supported on wires ,,_,oH rods,

stabilization by eddies, and the concept of flame stretch are alsd briefly
discussed.

12.1 FLAME STABILIZATION ON OPEN BURNERS

Since a laminar combustion wave propagates with a characteristic burn-
ing velocity 5, a stationary flame may be obtained by moving the mixture,
as in the casc of a bunsen burner. The condition for getting a stable
stationary flame is that at any point the velocity of the mixture should be
equal to the burning velocity. The burning velocity depends upon a
number of parameters, e.g., mixture composition, initigl temperature,
pressure, etc, The burning velocity near a solid surface is reduced due to
the quenching effect. The velocity of the mixture depends upoen the type
of flow and the distance from the wall. For a premixed lamivar flame,
the flow velocity is very low near the walls and above the rim, but in-
creases towards the centre of the burner giving an approximately parabolic
profile. :

The phenomenon of stability in a laminar flow can be best uaderstood
by the study of flame stabilization on a bunsen burner. Flame stability is

<4

e

-
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L3
the first and foremost fundamental design requirement om..un«...caan_.. The
flame is always stabilized near a solid surface, near the rim in the case of
a bunsen burner. At all other points, the flow velocity o.uonn% the bur-
ning velocity. If the flow velocity at every point near the rim exceeds m&n
burning velocity, “blow-off” will occur, i.e., the flame will be om-.:o.m
away downstream. For a very rich mixture a lifted flame may be avail-
able. On the other hand, if the flow velocity is R.a:onn to mu. extent ﬂw.ﬂa
at any point the flow velocity is less tham ~ the burning velocity,
“flashback” or “lightback™ will occur, i.¢., the flame will travel upstream
into the burner. This flashback may cause & serious explosion if the ann
travels up to the container which has a large volume of the premixed
mixture,

12.2 CHARACTERISTIC STABILITY DIAGRAM

The characteristic stability diagram, as shown in Fig. 12.1, may be
drawn for any fuel-oxidant mixture giving the Lmits of flashback, blow-
off, and blow-out. In the diagram, the unshaded area under the curve
ABC gives the zone of flashback. Points A and C correspond to the

1.
\A
Lifted
No
flame \\ flame
oy
] b
%\
* 3
,w\
o1 8\
>l = y Lift c ,
3 E i it Flame .
2 £ DAL at port
> o on\l\ or-lifted
H 21 4=
w S — = Drepback
Ly =
F rau: )
‘ y == Flame
= ot
o8 = B port
P—<Floshback—
— - -
A K C

Fuel concentration

i i ission
‘ ig. 12.1 Characteristic stability diagram_for open flames, [With permi:
Fig. 12.1 omﬁrhs nnoE_Eu:o_. —..umﬂﬂn. from Third Symposium .Qanm.iazoanc
on Comoustion, 1949, p, 16.] .

lower and upper limits of flammability. After vom.ﬁ ﬂ. a mﬂwEo flame at
the burner port is available because of the a;.w:m_ou of air from the
atmosphere. If we study the nature of flame at point Mz which corres-
ponds to the stoichiometric mixture, from peint K to point B, the cuE_ﬂm
velocity exgeeds the flow velocity, and hence fiashback occurs. A stable
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288 FuELs AND COMBUSTION

Assuming that the gas velocity profile is the same ai all the three
flame front positions, we find at position 1, i.e, near the burner
rim, the value of the burning velocity, S. at every point is less
than that of the gas velocity. Therefore, the combustion wave will be
driven back downstream by the gas flow, Asthe wave moves away from
the burner rim, the burning velocity at different points increases. At
position 2, the burning velocity at a point may become equal to the gas
vélogity.~ At all othet * points the gas velocity may exceed the burning
velocity. If at any point the gas velocily equals the burning velocity,
the wave will stabilize and stay at position 2. At position 3, i.c., further
away from the rim, the buring velocity at any point exceeds the gas velo-
city, which will push the flame back to position 2. Thus, it is clear that
there will be only one position where the wave front will stabilize. With
the change of gas flow, the gas velocity profile will change. A reduction
in gas velocity will bring the combustion wave closer to the rim, while an
increase in gas velocity will push the wave front slightly away from the
burner rim. For any stable flame; the gas velocity equals the burning
velocity only at one point, at all other points the gas velocity exceeds the
burning velocity. Therefore, the flame front is inclined dgainst the
direction of flow. .

The actual shape of a flame may vary from burner to burner depending
upon its design but the basic principle of stabilization remains the same.
Unless the burner diameter is very small the gas velocity may be expressed

by the equation :
U=gy . ] Loo(12.1)

where y is the distance from the stream boundary and gis a constant
known as the boundary velocity gradient. If the gas flow is reduced,
g decreases and the combustion wave shifts nearer to the solid rim of
the burner. If we go om reducing the gas velocity, a condition will
be reached when flashback occurs. At such a stage, the value of g is called
the critical boundary velocity gradient for flashback (g,). Similarly, if the
gas flow is increased, the combustion wave moves away. Again, at any
instant, a position will come when blow off will occur. This value of g is
owmnn the critical boundary velocity gradient for blow-off (g). It should
be noted that as the distance of combustion wave from the burner increa-
ses, the burning velocity starts decreasing near the flame fringe due to the
mixing of ambient air in a lean stoichiometric mixture. Thus, after some
distance, the decrease in burning velocity due to dilution may exceed the
increase in burning velocity due to the reducing loss of chain carrjers.

As the combustion wave moves up, the flame fringe moves near the
stream boundary. Figure 12.3(c) shows how the flame position shifts with
the increasing flow. Three flame positions A, B, and C are shown. With
increasing gas flow, the flame moves up and the fringe of the flame comes
closer to the stream boundary. Figure 12.3 (b) shows the variation of

FLAME STABILITY 289

burning velocity with distance from the stream boundary for the three
positions of the flame. Curves A, B and C in Figure 12.3 (b) show how,

. . 1
. Gas velocity >

Gas velocity =l

e \ \ \\\ ’_ / w__
3 2 3 5 4 2 2 =

@l

|

i

Combustion waove
\ I
]
it
1
[} ]
. N

z z
H Burning 2 Burning
> velocity 3 velocity g 5 a
- mﬂ Burner
Distance from burner Distance from boundary us wall
wall of stream G..s.
(a} (b) {c)

Fig. 12.3 Llustration of burning velocity and critical
boundary velocity gradient.

for a particular position of the fiame, the value of the burning velocity
increases with increasing distance of the fringe from the stream boundary.
It car be observed that the burning velocity for position A is zero
up to certain distance because of the loss oi heat and chain carriers.
It then increases rapidly acquiring a copstant maximum value. As
the position of the flame moves up, the loss of heat and chain carriers
reduces, thus brinzing the flame near the stream boundary. Again, with
the increasing height for a lean or stoichiometric mixture, the dilution
of mixtyre by ambient air reduces the burning velocity near the
stream boundary. Therefore, the burning velocity curve C may represent
the limit of approach of the flame fringe towards the stream
boundary. Similarly, curve A may represent the nearest point to which
a stable flame can approach the burner. For the rich mixture,
however, a lifted flame may occur instead of blow-off after position C.
In Fig. 12.3 (a), the straight lines 1, 2, 3. etc. represent the value of gas
velocity with respect to the distance from the burner wall. Thus,
the slope of these lines gives the value of the boundary velocity gradient.
With increasing gas flow, the gradient increases. Now, for any burning
velocity curve between the limiting curves A and C, there will be a gas
flow for-which the straight line representing the velocity gradient is tan-
gent to the burning velocity curve. Any line, such as 1, which hasa
gradient less than 2, will intersect the curve A. This means that for the
gas velocity corresponding to 1, there is a region where the burning velo-
city exceeds the gas velocity resulting in flashback. On the other hand,
any gas velocity greater than that corresponding to 4 will not intersect
even the curve C. Thus, for such a flow everywhere, the gas velocity
exceeds the burning velocity, resulting in blow-off. The critical boundary
velocity gradients for flashback (g and blow-off (g.) are given by the
slopes of the lines 2 and 4 respectively.

19(45-43/1979)
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292 FUELS AND COMBUSTION

ture at the convex surface of the flame. This process of lowering of ihe
flame temperature will continue and will lead to the extinction of the
flame.

Figure 12.4 shows the flow field with a velocity gradient, Over a
distance y, the gas velocity increases from U7, to U, Now if we assume
Sy to be constant, the vector paralle] to the flame front associated with U,
will be much less than that with Uy, i.e., A will be much less than B, This
increase.in the flow componeat, parallel to the flame front, represents an
energy flux, along the flame, away from the low velocity region, Thus,
a part of the energy conducted fo the preheat zone from the low velocity
region is convected back to the high velocity region.

Karlovitz showed, analytically, the effect of flame stretch on the
burning velocity. Consider a streamline, as shown in Fig. 12.5 with a
velocity U. The two temperature surfaces 7, and T; which are
shown at a distance n,. Ty represents the unburnt surface and T
the reaction zone. Let the velocity vector U intersect the I surface
at point A. The mass flow rate per unit area in the direction normal to
Tr surface at this point will be p, U cos a. At a distance %, ‘along the
normal from the point A, the flow velocity would be U+ ..w.m e SiN &,
and the corresponding mass flow per unit area in the normal direction
would be:

du .
Pu AQ+%.=§;E @) cos « . : i

The ratio of two mass flow rates is, therefore, . . .

amq Mo .
1 +.I.1@ il sin o ] .

In a flow which substantially exceeds the burning velocity, sin & is close
to 1, so that the second term may be written as: .

aU  n

& T K
This K is a measure of the increase in area or stretching of the wave.
This is calied the “flame stretch factor” or “Kaflovitz number”. It is a
dimensionless number, representing the degree of o:.onoEww. and is very
useful in correlating the blow-off data pertaining to several combustible
mixtures, including those inhibited by inert gases or inhibitors. Lewis
and von Elbe® have shown thatv, is a measure of the preheat zone
thickness and can be calculated by the equation:

K
T = Tror S (12.11)

© (12.10)

According to the boundary velocity gradient theory, blow-off is a func-
tion of the boundary velocity gradient only. But according to the flame

-

O, B
</
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w
U \*¥ i
A
| )
du
}q A SN2 Ty
Ua
U, v

Fig. 12.5 Scheme of stretch of o

. i elocit
Fig.-12.4 Flame propagation in a v s combustion wave,

gradient. (With permission of the
Ipstitution of Gas Engineers, from
the Institution of Gas Engineers
Journal, March, 1978, p. 160.)

stretch theory, blow-off occurs because of aerodynamic quenching of the
flame due to stretching, and is a function of the Karlovitz number. In
other words, we may say that it depends upon the velocity gradient,
preheat zone thickness, and local flow velocity. The degree of quenching
is directly proportional to the velocity gradient .m\m and 7,, and inversely
proportional to the focal velocity U. As the value of X increases, & point
will come at which the reduction in the burning velocity will lead to a
significantly thicker preheat zone, becduse the preheat zone thickness is
inversely proportional to the burning velocity. The increased thickness
accentuates the effect of the velocity gradient and so the thickness increas-
es still further. Thus, once a critical value of K is reached, an auto-
accelerating process starts and a part of the flame is extinguished.
To test the validity of the flame stretch theory of blow-off, Reed?®
calculated the value of the Karlovitz number X for a large number of
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Fig. 12.7 Stabilization of combustion wave by rod: )

(a) Flow lines around rod, (c) Burning and flow velocity m... plane B,
(b) Burping and flow velocity in plane A. (d) Burnivg and flow qo_anm\»h._m. .E».._.m C.
(With permission of Academic Press from B, Lewis and G. von Elbe: Cambustion,

Flames and Explosion of Cases, 1951, p 246.) ."”

to the quenching distance, the gas velocity is zero at the wire sprface and
increases outwards. In this position, the burning velocity is lowér than the
gas velocity at all places, so the flame will be pushed downstream, i.e., up-
wards. On moving up, both the burning velocity and gas velocitimincrease.
The burning velocity increases more rapidly than the gas velocity. There-
fore, at a position B, the burning velocity curve meets the gas velocity and
a point of tangency exists. Thus a stable flame is obtained at position B.
Further up, the burning velocity increases to its maximum value because
of the absence of the quenching effect. The velocity curve at position C is
shown for a condition where the burning velocity has an almost constant

maximum value and the gas flow is increased, so. that the gas velocity

exceeds the burning velocity at all places, thus blowing off the flame,

The quenching effect of the wire can be reduced by heating the wire.
This will bring the flame slightly near the wire. For small diameter wires
or rods, the critical boundary velocity gradient is found to be independent
of the wire diameter, The blow-off of flames supported on such wire can-
not be explained as simply as in the case of the open tube burner. For
large diameter wires, a higher flow velocity and a higher boundary velocity
gradient are needed for blow-off.

FLAME STABILITY 297

A flame can also be supported by inserting a wire ring concentrica lly

at a considerable height above the burner port. The diameter of the ring is
smaller than the inner diameter of the burner tube and it is thus placed
within the undiluted mixture. By igriting this mixture above the ring a
conical flame is stabilized at the ring as on sn open burner tube. This is
because near the ring the gas velocity is very small and a velocity gradient
exists near the surface. The flame cannot be made to travel upstream
because at all places below the ring, the gas velocity exceeds the burning
velocity. Similarly, a flame can be supported om a wire gauze as in the
Meker burner.

12.6 FLAME STABILIZATION BY EDDIES

The mechanism of flame stabilization proposed by Lewis and von Elbe
is reasonable for the burner as well as for supported flames. However,
some of the characteristics of supporied flames are not so well described.
According to the theory, supported flames do not always biow off. It has
been found that a small residual flame often remains in the wake of the
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Fig, 12.8 Stabilization by eddies, (With permission of Academic Press from
Ww uumc___._n uw.w.._vn. von Elbe: Combustion, Flames and Explosion Gases,
» B . .
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