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e a 2,42 cm I.D, tube with the ignition end of the tube

THE BURNING VELOCITIES OF
HYDROCARBON - AIR MIXTURES

Arthur Robert DiNicolantonio

The object of the experlments was to determine the
burning velocities of Propane-air mixtures and N-Butane-
air mixtures by the burner method and variations of the
tube method., RN

Six variations: of the tube method were used. Spatial
ve1001bles were measured with the tubes in a vertlcal
position and upward flame propagation. 41l %ne variations -
used tubes of 44 inches in length. Variation I, utilized
open, and the upstream end closed. Variation Il was simi-
iar to variation I, éxcept an orifice was fitted in the
ignition end oi the flame tube. Variation 111, was siﬁilar
to variation I except a 5.4 cm I.D, tube was utilized.
Variati&n'IV used the‘3.4 cﬁ I.D., tube with an orifice in
the ignition end and tne upstream end ¢losed, Variation V
used the 3.4 cm I.D. tube With an orifice in the ignition
end aLd'OTifice in the upstream end of the tubee Varig-

tion VI utilized the 2.42 cm I.D, tube with an 0?1&1@@ in

- the ignltion end and g cap composed of a one inch thick-

ness of steel wool at the upstream.end of the flame t%ﬁé.




~ The author observed that flame propagation was not
uniform throughout the entire iength of the tube but, only

over a small portion for all variations of the tube method

except ﬁariatioﬂ Vi. In variation V1, thé flame propagated

wniformly throughout the entire length of the tubé, and
no celluar structure of the flame front was observed at
any point in the flame tube.,
In'the burner method, burning velocities were obtained
by using the total schlieren cone area.

The values of burning velocity obtained by the burn-

- er method were higher than those obtained by all variations

of the tube method except variation VI, The burning velo-

‘eities obtained in variation VI agreed excellently with

those obtained by the burner method,

g




INIRODUCTIGE

The speed with which the combustion process occurs:
influences the efficiency with which the heat released
in combustion can be used.

Before commencing the topic of methods of measur-
ing burning rates it is necessary to define some terms,
The spatial velocity of a flame is the velocity with
which the flame moves through space, This velocity
may be readily measured but it is not a fundamental
property of-:the fuel, since it will depend to a large
extent on the type and shape of the vessel in which the
combustion'process occurs, The spatial velocity is a
vector sum oi the unburned gas velocity and the trans—
formation velocity. The transformation velocity is the
gpeed relative to the unburned gases with which the flame
Qront moves from the burned to the unburned gases. It
is measured in a direction normel to the surface of the
flame front. Beoause of the expansion of heated gases
in-the vicinity oif the flame, there occurs a movement of
gases in that region which displaces the flame iront.

The velocity of the unburned gases approaching the burn—~:

ing zone is called the gas velocity. Therefore, if there
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were no mass flow of the heated gases, then the trans-
formation velocity would be the actual rate of advance
« ~ ©of the flame into the unburned gas. |

The terminology, stationary flame, refers to flames

/

Ao

in which +the flame frpnﬁ'is fixed in space and the un-
burned mixture travels towards the burning area. This
is the type of flame which occurs in a bunsen burner.

A propagating flame is one in which the flame front moves
through the unburned gas. <~his process of slow cé&bus—
tion is referred to as a deflagration wave.

Thé burning,velocity'or the transformation velocity
defined as the linear velocity of the flame front normal
to itself, relative +to tihe unburntAgas consumed per unit
time divided by the area of the flame front in which
that volume is consumed. The problem then is to deter-
mine a suitable areag for the flame front. This can be

~done easily in the case of an infinite plane flame front.

because the area is not dependent on how the flame surface

is defined, that is, on the particular surface selected.
However, this is not the case for a spherical or éonical
%flame front. No definitionAof the‘flame surface to date
has been found that is free from all possible objections.
‘The essential difficulties are that in the case of a
spherical flame front there is no particular distance ‘
from the center of combustion where the linear velocity

\
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of the gas 1is constant and the fact'that'the temperature
varies continuously from the center of combustion to

the flame front so that no surface can be considered to
have a significance greater than any other. In the case
of a conical flame fron%, there is no surface where the
burning velocity has a constant value over the entire
surface,

The problem of determining a suitable area brings'A
us to the position of determining the étrueture of
1éminar flames in general. Simplified models suggest
that the combustible wave absorbs hea%#uﬂtil the gas
temperature has risen sufficiently for the chemiezl re-—
action of combustion\to become rapid. At that tempera-
ture the miXture libérates heat at a faster rate than it
absorbs heat from the burned gas. Much experimental
work has been concerned with the location of the region
known as the reaction zone, that is the region where
chemical reaction becomes rapid. EPBarly workers consid-
ered this zone to be a surface represented by the lumi-
nous zone of the flame, They also presumed that the
thickness of the luminous zone represented the distance

between the initiation of combustion and its completion.,

While the luminous zone may be part of the total rege—

tion zone, it is reasénab;@ that the gtaft of the com-

bustion wave as indicated by a sharp temperature rise

i
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Kmdqes'not necessarily.coincide with the occurrencé of
luminosity. Iewis and Von Elbe (45) have shown that
the gas flow lines bend prior to the luminous zone in-
dicating that thermal expansion begins ahead of the
luminous zone, thus, the heat transfer processes begin-
prior to the occurrence of luminosity.

Schlieren photographs of a Bunsen flame by Van de
Poll and Vesterdijk (64), established that a region
exists between the luminous zone and the unburned gas in
which the gas density changes rapidly due to a rapid
change in the temperature of the gas. As a result of
many exPeriménts at atmospheric pressure which point out
that the Schlieren edge marks an initial temperature
rise in the combustion wa%e, the Schlieren edge is con=-
gidered to be the momt satisfactory for burning velocity
studies and is considered as the start of the reaction
gone, This boundary marks a temperature in the region
of about 200-300°C and is followed by a rapid rise in
temperature, :The luminous zone marxks the region where
the final flame temperature is reached ana the distance

between the schlieren and luminous 2zones may be consider-

ed as a measure of,the'combustion_wave thickness,




- II. MEASUREMENT OF BURNING VELOCITIES
| Tube Method
Early flame research was carried out in glgss tubes
whose leﬁgths were gfeater than their diameter., Mallard
and Le Chatelier reported results of flame studies as
early as 1883, Cowafd and Hartwell (8) used the follow=

ing method. ‘he gas mixture to be studied was contained

in a long tube., One end of the tube was open while the | " f

other end was closed., The gas mixture was ignited near

the open end and the flame propagated towards the closed
; end., They found that the movement of the flame front i
h was uniform. ‘hey measured the spatial velocity and . |

took snapshots of the flame front from which they calcu-

lated its area by matching it to a portion oi ellipsoid

whose plane of symmevry is in the vertical plane through -

the axis of the tube and whose main axis is inclined over
the horizontal. 5y using Guoy's (32) concept of burning

velocity based on the volume of the mixture burned per

second divided by the flame surface area, they found that
for a given mixture under a variety of conditions of tube
size and direction of propagation the calculated burning
velocity was counstant. i

According to the method of Coward and Hartwell, the

area of the flame surface was calculated on.the asaum@tian
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. that ¥4 was equal to that of a semi-ellipsoid, the axes of
which were equal to (1 )' a line joining the points where

the flame touched the top and bottom of the tube, (2)

‘(:wice the perpendicular distance batween that line and
the point mos® remote from it on the photograph of the
flame front, and (3) the diameter of the tube.

e area was calculated by the following formula
which was derived from the integral form given by

Jellette (Williamson, "Integral Calculus," 1891, p. 283)s

PR/ 2 -
A=TTb(a*-C") z—15:‘(::4») +mMbctce*-c?) %F/KM{TTC‘

where a, b, and ¢ are the semi-axes with, asbsc

K= e)e J b = siw'e , € avp e’ are the eccen-

tricities of the ell;tpses in the plane of the axes g & ¢,

b & ¢, respectively. The values of FE(K.d) & F(kP) . ’
the elliptic functions of the second and first kind resg-
pectively, can be obtained from math tables.,

Coward and Pé,man (9) related the fundamental flame -

velocity ({ransformation veloecity) to the spacial flame

oy,

velocity by tihe equation:

Uy = (Us — Uj) Fr/Ae |

| where U& is the velocity of the unburned gas ahead of the -
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flame. A_ is the cross sectional area of the tube and
A£ is the surface area of the flame. Because of diffi-
culty involved in measuring the unburned gas velocity, it

was assumed neglipible in early experiments by Coward and

Haxrtwell,

Attemp$s to reproduce the experiments bf}poward and

Hartwell prove that the uniform flame movements occurred

in only a small'portion of the tqbe,and this location
varieé for different hydrocarbon mixtures,

Guenoche, Manson,and Mannot (30) placed an orifice
at the ignition end of the tube and demonstrated that it
reduced the pressure waves which disturb the flame &nd
render the motion nonuniform,

Gerstein, Levine;!and ilong (27) used a Pyrex glass
tube 57 cm long and 2.8 cm I.D. At the ignition end of the
tube they placed an 8 mm orifice. At the end of the tube

towards wnich the flame propagated, they placed a 1.7mm

orifice. The use of this second orifice increased the

uniformity of the flame travel. The spatial velocity

was measuredwby means of photocells placed six inches
apart connected to an electric timer and‘high speed photo-
graphs taken of an oscillograph screen placed in parallel
with the timer, The uniformity of.flgﬁe travel was

checked by a rotating drum camers. The unburned gas

velocity was determined by experimental measurement of




Results obtained b
Amer, Chemn, S0C.

SuMMARY OF RESULTS

Puel

Methane
" Ethane
Propane
Butane
Pentane
Hexane
Heptane
2-Methylpropane -
2,2-Dimethiylpropane
2-Methylbutane
2,2-Dimethylbutane
2,3-Dimethylbutane
2,2,3-Trimethylbutane
2-Methylpentane
8-Methylpentane
2,3-Dimethyipentane
2,4-Dimethylpentane
Ethene

Propene

1-Butene
1-Pentene
1-Hexene
2-Methyl-1-propene
2-Methyl-1-butene
3-Mcthyl-1-butene
2-Ethyl-1-butene
2-Methyl-1-pentene
4-Methyl-1-pentene
- Propyne

1-Butyne
1-Pentyne
1-Hexyne
4-Methyl-1-pentyne
2-Butyne
3-Hexyne
Cyclohexane

N
Benzene

- Max, U,
cm./sec.

84.5
102.8
99.5

b

b i
SEERBV

§~
OCNWORNROND N on O

BRS88s¢e

165.0
140.0
127.0
116.9
135.6
118.0

08.4
104.5

Max. Us,e
cm./see.

33.8
10.1
39.0
37.9
38.5
38.6
38.6
34.9
33.3
36.6
35.7
36.3
356.9

y Gerstein, Lev
73, 420 (1951)

ine and Wong,: J,

gt
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the volumetric rate flow determined from photographs

of the progressive growth of a2 soap bubble blown from

a tube connected to the upstream end of the flame tu‘be.
They arrived at an equation for the unburnt gas velocity

by studying the results of their eXperiments"

U3 = 236 Vg - /0.77‘

- They calculated the flame surface area from photographs

taken of the flame by the method of Coward and Hartwell.

An important objection to the method oi Coward and
Hartwell and also that of Gerstein, Leviney, and Wong is
that only an average burning velocity can be obtained
because cooling by the walls of the tube might be import-
ant over part of the flame surface, and thus, because of
the quenching effects at the wall, the burning velocity
is slower there than it is over the rest of the flame
surface, ’

According to Guenoche (29), under conditions of uni-
form pmpagaﬁon in a tube the flame has the shape of a
spoon tangent to' the inner wall of the tube which takes

up some position in the tube and travels the length oif tha.

- tube maintaining a constant area. Guenoche and Jaay (29)

Placed an orifice downstream of the combustion wave in

their study similar to the one used by Gerstein, ILevine,

and Wong, but in a discussion of tneir experiment by Burke,
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he stated that in.ah.ex@eriment performed_by Burke anﬂ -

briedman (24) orifices placed downstream of the combus-

tion wave were found to unsatisfactory becsuse they

introduced uncertainties into the measurement of flame
speeds even tvhough they were found to reduce vibrations
of the gas column,

We are at apoint now of devermining how the closed

- end tube used by Coward and Hartwell influenced the rlame

shape. As explained by Lewis and von klbe (45b), the
unburned gas ahead of the tiame iront forms a svationary
column. ‘he thermal ex@ansion ot the gasesnin the reac-
tion zone of the ilame generaves & continuous Ilow oI burn-
ad gas towards the open end ol the‘tube, but because of

the viscous drag'this tlow is retarded at the wall and
accelerated in the center oi the tube, this acceleration
produces a thrus%.which pushes the unburned gas in the

central region of the tube Toward the closed end., Since

the gas cannot escape there it is forced to reverse 118

direction so that it flows along a curved path away from
the center and towards the open end, Additi@ﬁ&i curva-
ture of the flame is caused by quenching oi Tthe rlame

<
front on the cooler walls or thée tuove, uhis effect is

minimized in tubes of large diameter. rrank-Kamene vsky

 points out that where heat flows from the 1ﬂside of the
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tube to'the outside the fléme mnst"cufve toward the un-
burned gas. ) |

Ball (2) cohsidered.the hydrodynamics of a flame
propagating in a tube and calculaited the shape of the

flame and path of the gas flow lines through the flame,

He assumed flame has zero thickness, the burning velocity -

is constant over the gntire flame surface, the gases are
perfect gases, and incomgreésible flow exists. His cal-
culations indicated that the tip of the flame is perpend-
lcular to the tube axis.and'converging toward tangency at
the tube wall. His theoretical rlame shape is in good
agreement with that observed in smoke track studies. ‘
We seec that in the method by Coward and Hartwell and

others who used the closed end tube downstream of the

increase was neglected and only compensated .for by its
possible effect on the flame snape., ‘he reason for this
wWill now be explained.

Most of the theories bn flame propagation predict
that (.~ e where N is a positive or a negative
fraction or zero., Thermal theories of Crussard (12),
Jouguet (35), and waniell (14) predict that O, = P %

for a second order reaction rate. Semenov (54) predicts

- |
that Uy < P 2 for a first order reaction rate. Tanford
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theories of Boys!
that is that Uy

‘and Pease (60). predict U, P

and Corner (6) predict U,r~P°

is independent of pressure.

Ubbelohde and Koelliker (63) have found experiment- ...,

—y

ally that U, P ™7 = alr, by

for mixtures of G@ H

iy

the burner method. ILinnett and Vheatley (65) have found

that

Burner method. Egerton (20) by using the flat flame
| 3

Oy =< P for ethylene - air mixture by the

method found that for propewe Ur =< P~
As can be seen ifrom these results the effect of
pressure on the transformation velocity is very small.
There is evidence that the combustion wave is sensi-
tive to iorces acting on the gas stfeam@ The spagial
velocity of a flame is largést for upward ﬁropagaﬁion
and smallest for downward propagation as a resﬁlt of the
effect of gravity. The spacial velocity also increases
with increasing tube diameter which indicates that the
ratio of combustion wave area to tube cross section in-
creases as the tube diameter increases,
The transformation #elocity is influenced by the
initial temperature of the fuel-gir mixiure beiore combus—

tion. The higher <the miXvture temperature, the iaster will
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tures of natural gas and also various mixtures of acétyb
lene and air, utilizing the bunsen burner method. The '
same conclusion is reached from results of tests by
Sherratt and Linnett (55) utilizing coal gas-air mixture

in the bunsen burner method

a. SOME REMARKS ON TURBULENT FLAMES

~ Since we are studying laminar flame propagation, we
are not really concerned with theories or studies of
turbulent flame propagation. It will suffice, therefore,
to only mention a few things about turbulence which
might affect a study of laminar combustion wave propaga-
tion.

As can be seen from figure ( 3 ), ploted bnyoward
and Hartwell in their study of the propagation of com-
bustion waves of methane-air mixtures in tubes, there is
an increase in the spacial velocity with increasing tube
diameter for the various mixtures of metnane and air,

The transition from iaminar to turbulent ilow is mérked

by a change in slope and has been calculated by-Lewis

and Von wlbe (456) to occur at a Reynolds number of 2000,
Schmidt, Steinicke, and Neubert (53) studied the

propagation of combustion waves in propane-air mixtures

B T e el X .ot vy
= i [ =
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Dependence oi speed of uniform movenent of flames
of methane-air mixtures on tube diameter, (Coward
and Hartwell, J. Chem. Soc,, London, 1952)
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18,

in a tube 109 cm.long(ghd 2.4 cm I.D, The tube was

closed at one end aﬁgygpen at the ignition end similar
to that used by Coward and Hartwell. They obsefved for
a rich mixture of propane the following: oscillations:

started in the combustion wave at 1/4 of the lengtih of

_-the tube while the spacial veloclity remgined fairly

constant to the center of the tube where the amplitude
of oscillat:ions increased and the flame acceleraved and

its speed pecame again constant in the last nalt or the

tube. They expiained this pnenomena as follows: 1I1n the

first half or the wupe oscillations increased oecause of
the ignition and were stimulated by the combustion, in
the middle of the tube the oscillavions reached such an
amplitude thet Turbulence began with an increase of
spaclal velocity, but the turbulence did not develop fully

because there was not enough time available for it to do

S0 betore the oscillations became damped, and thus, veloc-

1ty again became fairly constant in the last half of the
tube,

when ignition was staﬁted in the closed end of the
tube, full turbulence developed because the specific
volume of the burned gases being mucn larger than heat
of the unburned gases act like a plston which accelerates

the combustion wave and the gases ahead of it. When
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these compression 'ﬁaves in the unburned gas coalesée -
they form a shock wave if the tube is long enough. |
According 'E?/ﬁe{?f_s and Von: wlbe (454) turbulént
motion occurs in viscous iluids as a consequence of.eddy
formation on cbsvacles, of shear ilow due to The re-
tarding effect of the walls, and the mixing 'of streams

of different velocities,

In tubes, especially those of large diameter, oscil-
lations oi the gas. column cause the flame front to
wrinkle and to assume the appearence oi a cellular struct-
ure. This wrinifling causes an increase in suriace area
resulting in an increase in the amount of gas burnt per

unit of +time wihicn in turn causes an acceleration of

the wave, thus producing more cisturbances and turbu-

lence which aggrgvates the alreauy existing condition,
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Bunsen Burner Method ®

This method is the most common method for measuring
transformation velocities of flames. In this method pre-
mixed gas flows up a tube and is burned at the mouth of the
tube. Ilany procedures have been used for measuring the
shape of the cone and determining the burning velocity.
The earliest methodyused by Gouy, was to divide the volume
flow rate by the area of the visible cone, This nethod was:.
not satisfactory since the burning velocity is different at
different parts of the cone,

Dery (15) modified this method by measuring'the area.
of the visible cone between two radii, and dividing the
area by the volume tflowing up the tube per second between
the sdme two radii.‘ By doing this he eliminated the eifect
of the high burning rate area at the tip or the flame and
the low burning rate area at the base of the flame. “he
burning velocity for cylindrical burners is found from the

relation:

47

vy = 2v(n-r)y[i-(n*+n*)/2R*1 /s

/

where V is the avefage gas velocity in a burner of radius

Re T, T

2 are the radii of the base and top of the cone

frustrum, respectively, and s is the slant height of the
msmo




The main objection to the partial area method is that
1t is difficult to test whether the ares chosen is free
from the tube wall and tip etfects,

Sherrati and Linnett (55) made use of the shadow cone
obtained by'progecting'a shadow of the Bunsen cone on to a
Photographic plate by using a point source of light. The
shadéw line is well within the luminous regibn ol the flame,
and the gas flow lines diverge at a point between the shadow
and luminous cones, ‘heir results showed that a constant

.- value of burning velocity was found at the middle part of
‘the cone suriace. Grove, Hoare, and Linnett (28) made a
study o1 the shadow cone metnod and showed that the burning
velocity measured by bherratt aﬁﬁ//imnetue vas dependent
upon the distance between the flame and the photographic
plate and that only in eXtrapolation to zero distance can

. @ True value of transformation velocity be obtained.

Conan and Linnett (6) have shown that when dust
particles are introduced into the burner flame the flow
lines remain paraliel up to the Schlieren cone, but diverge
from the tube axis betore reaching the visible cone., Be-
cause of this the Schlieren cone is preierred,

Michelson (48) wused ayarodynamic procedures and cal-
culated the flame shape based onhthe assumption that the

velocity profile in the burner tube is parabolic, the flame

.




can be represented by a single surtace of zerc thié&ﬁess,
the burning velocity isAcdnstant over the entire flame

. surface, and the #low lines of the unburned gas are paraé'
llel to tgé axis of the tube, IMichelson's theory predicted
a,pointeﬁAflame tip while the observed tip is rounded. |

~ The shape predicted by Michelson closely resembles thé
sehlieren edge of the actual burner ilames but differs

8lightly at the base, Michelson's tneory leads to the

formla:

V¢ = Vs SiNe N

- where o« is the angle the flame surface makes with the
direction in which the gas is flowing with a velocity YS

e |
Smith and Pickering'(SV) applied this formula to the
Visible cone at a radius (/JZ  because at this radius
the flow rate is equal to the average Ilow rate, But be-
cause ol the fact that the temperature of +the gas rises and
the flow ceases to be parallel to t@e tube axis betfore tﬁe
Vvisible cone is reached, it seems that their method is un-

eatisiimctory, and Michelson's formula can only be applied to

smammprn"
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the Schlieren cone, - | |

Andersen and Fein (1) introduced a light powder into
the gas and followed the path of the particles which traced
. out the ilow lines tﬁzough’the cone., ‘“hey measurea the
angle between the direction of the particle track in the
coLd gas and the flame front at the point where the part-
icle tracks pass through it. They used this angle in the
Michelson formula. As is pointed out by Andersen and Fein,
there is the danger that burning velocity may be affected
by the particles that were introduced.

All of the above procedures do not give the same values
of burning velocity for the same gas nixture., The method
of using the schlieren image with the lMichelson angle gives
results which most closely agree with the results from the
glass tube and soap 5ubble methods.,

The shape of the burner flame is affected by the
hydrodynamics of the gases and the interaction of the com-
bustion wave with the wall of the tube, The solid rim of
the burner tube acis as a heat sink so that the flame velo=
city vanishes near the burner rim, Particle track studies
have showm that the flow liﬂﬁé»are directed away Ifrom the
tube axis by thermal expansion. Lewis and Von Elbe (45a).
state that the thrust pressure is not uniform along the

flame cone, but vanishes at the base where the burning

~velocity vanishes. Because of this, pressure gradients
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exist'frOm.the-interiar to the base of the cone, which cause

ot sty i, St e

the gas flow to acquire a com@onent normal to the axis of
. the tube. In the region ot the base of the cone the forces
between adjacent stream tubes do not cancel each other and
the flow acquires a component parallel to the wave lajers.
This produces a flow of gas directed away from the axis
and contributes to the Yoverhang" of the cone base beyond
the diameter of burner fube. |
Flow lines deviate less at the flame tip than the base,
but the assumption of constant velocity at the tip is not
valid. Because of the small radius of curvature near the
flame tip there is an increase in heat flow and also free
radical transport from the flame to the unburned gases which
results in an increased burning velocity., According to

Lichty (46), there is a ran eftect in the central laming J

of the burner gas stream,and the accompanying pressure rise

| _ 18 much zreater than the pressure rise in the burner +tube

ey

80 that the velocity of the central lamina is reduced in

the vicinity of the flame requiring a small increase in the

burning velocity at the tip of the burner flame, |




Soap Bubble Method

\

k’ The soap bubble method was developed by Stevens (59),
in 1923, The gas mixture to be eXamined is contalned in

| a,sphericel soap bubble and ignited by a spark in the

center of the bubble so that s spherical flame spreads
through the gas, The pressure remeine constant, The
bubble and flame is photographed along a horizontal dia-
meter with a drum camera. Yhe velocity thus measured is
not the burning veloeity but a spatial velocity because at |
any stage in the combustion the burnt gas behind the flame
occuples a larger volume than it did as unburant gas,and.
this causes the fresh gas into which the combustion is ad-
vancing to move radially outward., It has been shovn that

the burning velocity can be “determined from the relation:

V, = Vs/E

where E is the volume eXpansion ratio on burning and is

assumed constant throughout the burning., This expansion |
ratio is obtained by measuring the initial diameter of the
sphere of unburnt gas in the bubbbe and the final diameter

of the sphere of flame at the conclusion of the outward

travel of llame
In 1951 Plchering and Linnett (50) extended the method
to flames of low luminosity by using a schlieren system to




‘same results in determin:m'g V¢ as the luminous edge be=-

cause the separation between the schlieren edge and visi-
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follow the flame front. ‘The schlieren edge gives the

blLe edge remains constanwt once vhe diameter oi the ilame

spnere is several Times bpigeger than the rlame thickness,

To devermine wThe exXpansion ratvio & is a dizriicul? s
problem, the problem is magnified because any error in
measuring the final diameter is cubed in cetermining E.
One reason ror inaccurase measurement is what the final
flame edge is less snarp than the initial edge oi tae
bubble, Another reason is vhat in some cases aiterburn-
ing of the product gases makes the final size measurement
more difficult and less accurate pecsuse on scirlieren
phovograpny 1v is aiifficult to determine where the Pri-
mery flame finisnes and aiter-ourning starts,

Some other disadvantages or1 the methou are also im=-
portant. agueous oubbles contain liquid and contaminate
the nmixzture wi%h,am unknovin amount of water., This method
can be used only with fast flames because convective rise
of the hot combustion gases makes the method unsuitable,
Diffusion through the film may be so great in some cases
that the composition of the enclosed gas changes before it
ls fired. In some mixtures the flame will not remain

spherical as it grows but develops irregularities as obe-

- @erved by Markstein (47)., Some gas mixtures attack the
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bubble and,therefore, chahge its compositdon,

Some advantages of the method are that it requires a.

small amount of gas, ana velLocity calcualtions do not re-

quire considergtion of pressure effects,
{4
| o -
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 Closed Spheriea.l Vessel Method |

Tthis method was originally developed by Fiock (22).
The gas is contained in a spherical vessel and 1griited at

the center by a spark. the outward movement of the flame

‘18 followed by a rotating drum camera. However, as a re-

sult of thermal expansion of the burned gas, the pressure
rises and also has to be folidwed during the course of the

combustion,

an advantage of this method is that only a limited
amount of gas supply is needed. sSome disadvantages are
that the flame must idealy retain its spherical form in
order to be used in this metrod, and the variation of the
tempera:cure and pressure of the unburnt gas during the
explosion makes interpertation difficult.

buring the combustion the expanding burnt gas comp-
resses both the unbﬁrm*i: gas and the burnt gas. secause
this process is rapid, the gases are heated by compression,
#lock, Marvin, caldwell,and hoeder (23) assumed the comp-
pression to be adiabatic and derived a relation for the
b'urning; velocity given as:

_ R3-r3 &P]&r
= | —
vl S R

|

¢
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where R is the radius of the vessel and T that of the
spherical flame at the moment when the pressure is p.

Y is the ratio of speciiic heass for the unburnt gas:

wWnich is assumed to remain constant. ‘he observed flame

© speed is &0/, . Because of the fact that:

__83"‘ r3 __&_f IS be tweepn .85-"-.95' SN
3Ppyr* ar

error of 1% in this term leads to an error of 10% in the
burning velocity.

Lewis and Von Elbe (43) assumed that the ratio of
8pecific heats for both the burnt and unburnt gas remains
constant. and thermodynamic equilibrium is established in

the flame front. f4hey arrived at an expression:

(3 y, = P~ P
/R? Fe ~ F¢

where P, is the fictitious pressure corresponding to com-
bustion at constant volume computed thermodynamically.
The fictitious temperature Te corresponding to Po is found
from the relations
Te = Cp, To
CVs |
where T, ig the flame temperature cémputed for combustion

at constant pressure F; .
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™ .

.. Z nCy ——— molar specific heat at constant

volume of burned gas.

N ' ' — mole fraction of constituent in
the burned gas,

C. ' gpecific heat at constant volume

. of the constituent,
CPb - R ".' va |

The pressure Pe is found from the relations

Pe = APL(MI‘, Te-)
(Me: T

M the number of moles formed by combustion of m; moles of

explosive gas. Using these relations in an equation for

the burning velocity given asi

Ve = dr/dat
It (Pp -t )Y

allowed the burning velocity to be determined with dr/dt
the only time derivative.

Lewis and Von &lbe used a 15.295 cm I.D. vessel with
& pressure indicator (of diaphram type mounted flush with
the inside wall). The flame was photographed with a drum
camera using a schlieren optical system, wh@if experimental
results agreed very well with other published values for
burning velocitiea. |
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Egerton - Powling Flat Flame kethod_

' The flat flame burner was,developed.ijPowling (51)
in 1949, and modified slightly by Egerton and Thabet (19)
in 1952. This burner is msed for measuring low burning
velocities., In +this method the gas mixture @nters the
bottom of a vertically mounted cylindrical tube 35 cm
long and about 6 cm in diameter at s known flow rate, It
basses through a layer of about 4000 channels(each chan-
nel is .65 sq, mm and 22ﬂmm long)and then through a 5 cm
layer of small glass spheres, 4 mm in diameter, which
break - up the gas flow and deliver « it evenly to another
layer of channels, The burning of the gas occurs once
the gas passes through the last layer of channels, The

flame then passes through a wire gauze screen which is

) ad justed at the proper height above the tube so that the

flame assumes a flat shape, The screen affects the flame
by controlling the flow of the burnt gases, A stream of
inert gas, such as nitrogen, is passed through a concen-
tric tube surrounding the buwrner tube. The diameter of
the flame is measured and its areg, divided irto the volu-

metric flow rate of the gases to yield a value for the

burning velocity.

This method can only be used with mixturea having burn~
ing‘velocities less than 12 cm/sec, because it is impossible
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%0 obtain flat flames with mixtures having higher burning

velocities., This is so because in such mixtures +the flame
front becomeé brokxen into tlamelets. This methnod makes
poséible the measurement of burning velocities that are S0
small that they cannot be measured by any other method,
The lowest burning velocity that can be measured by this

method is 3 cm per second.




1II., LIMITS OF INFLAMMABILITY

A combustible mixture is a mixture of fuel and oxidant
that is capable of sustaining ocmbusﬁion, Any combustible
mixture can be rendered noninflammable by the addition of
excess fuel, excess oxidant, or inert gases, The upper
limit of inflammability is the richest mixture that will
propagate a iflame, The lover Limit of inflammability is
the leanest (least percentage of fuel in the wixture)
mixture which will support combustion, Yhe limits of in-
flammability are not fundamental properties of the explo-
sive system but are affected by the method of testing,

The usual method of determining the limits is by ob-
serving the propagation of a flame in a long tube. The U,S,
Bureau of lines uses a tube 5 cm in diameter,

Wider linits are obtained for upward flame propaga-
tion than for horizontal or downward flame travel, <he
reason ror this, as explained by Levwis and Von Ilbe (45c¢),
is that because of the force of gravity on the heavier un-
burned gas ahead of the flame front in upward propagation,
the stream tubes open up well ahcad of the combustion vave,
This causes the transport of gas from the region of the tube
axis to the wall to take place-ahead of the thermal gradient

of the combustion wave., The velocity gradient near the

flame surface is diminished, thus there is less flame
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stretch, and tharefare, the flame survives at a greater mix-
ture dilution. In downward propagation, the velocity grad-
ient near the=f1ame surface is increased, leading to greater
.f;ame stretch and narrower limits,

Another reason for/fhe wider lim;ts in upward flame-
propagation is because of the effect of diffusional s%rati;
fication which strongly affects the composition of +the
linit mixtures., The effect is particularly noticed in up-
ward flame propagation. Stratification results in locally
increased burning velocities. Diffusional stratification
occurs in stoichiometrically unbalanced mixtures of fuels
and oxidants in which the diffusivity of the deficient
component substantially exceeds that of +tiae excess comp-
onent., the mixture siratifies on entering the combustion
wave so that locally over the wave surface the burning
velocity alternately increases and decreases and the wave
wrinkles and acéﬁires a celluiar structure.

The liwmits of inflammability become wider with in-
creasing tube diameters up to a diameter of about 2 inches,
Larger diameters effect the limits very little., this has
been demonstrated by Coward and Jones (10).

Temperature variations of a few degress of the unburn—

ed gas have little affect on the limits, but temperatures

o
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considerably above room temperature céuse ﬁider limits of
inflamnability,

The pressure of water vapor tends to lower the upper
1imit of inflammability but does not‘affect the lower
limit. OSmall pressure changes have negligible affect 6n
the limits of inflammability,

Le Chatelier's (58) rule may be applied with caution
to obtain an estimate of the limits of inflammability ior
a mixture of gases, 'his rule is stated as follows:

Le 100

( I,;ﬁ, ’+(Pa;n9;+(i’;ﬁa ,

where Pl,th,P are the percentages of each combustible

5
gas present in the original mixture, and Nj,uo,N3 are

the respective limits of inflammability of gaseous com-—

ponents,

Badami and Egerton (18) have measured the limits of
inflammability using the fiat flame method developed by
Powling., ‘they were able to measure lower limits than

those measured by upwerd propagation in the tube uethod,
N

They measured the limits for uditures of hydrocarbon gases

and compared the results with the limits calculated by
the Le Chatelier mixing rule, Their results are shown

on the following page.
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Lean Limits Of Mixtures in Air

| calculated
.o obsecrved limit (Lo
, mx bure of - lower V at Chateclier
Co (012)' limit ~ limit  mixing
CH, CH, CH, C,H, %1,0) H, inair  (cm/s) rule)
449 04056 — — — — 4-805 4-19 4-87
391 066 — — — — 4-57 4-00 4-58
339 0690 — — — — 4-20 3-08 4-32
208 100  — — - — 407 3-87 4-10 |
267 130 .— — — — 3-87 4-08 3-88 )
195 — 1-21 — — — 3-16 3-89 314 {E
— 185 060 — — — 2-35 4:76 2-36 ;
— 1806 0-53 — — — 2-335 3-92 2-36 :
— 1516 073 — — — 2-245 3-93 2-28
— 1126 094 — — — 2-19 3-82 2-21
46 — — 0-46 — — 4-92 4-16 4-88
360 — — 1-37 — — 3-07 3-30 4-00
— — —_ 2-51 — 0-77 3-28 3-42 3-31
— — — 2:34 — 1-50 3-84 3-38 3-86
— — — 217 — 2-37 4-54 4-13 4-49
- - - 207 — 274 4-81 3-33 4-78
0-48 — — — 11-80 — 12-26 4-00 14-81
1-83 — — — 7-60 — 0-73 4-27 11-56
365 — — — 3-87 — 7-52 3-28 8-08
430 — — _ 3-51 — 6-81 4-17 7-04
| 487 — — — | I 7 J— 8-52 3.57 6-63
| — 086 — — -0°54 — 16-10 3.79 12-29
; - 131 — — 5-43 — 6-80 340 770
- — 211 — — 2-07 — 4-18 3-88 4-34
— 2-39 — — 0-978 — 3-363  .3-86 3-34
| — — — 0-30 11-27 — 11-567 3-46 14-12
— — — 0-74 8-03 — 0-87 3-90 11-69
— - — 1-61 480 — 6-41 4-00 7-17 :
— — _ $-18 2.335 — 4:506 4-01 4-76 ]
— — — 247 1-19 _— 3-66 3-73 3-72 z
— — - — 11-65 0-65 12-30 2-69 15-54 =
— —_ — - 10-57 1-45 12202 305 1511

Data obtained by Egerton and Badami by Flat Flame 4 7
method, (Proc. Roy. Soc., A228, 1955),
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- IV. IGNITION TEMPERATURE

Ignition temperature is defined as the minimum temp-
erature at which a given fuel can be ignited, Ignition

temperature has been proven exXperimentally by Coward and

Guest (11), also by Jost and liutfing (34), to depend on

the method of ignition and, therefore, is not a fundamental

property - of the combustible mixture, One general trend

that has been found experimentally is that the smaller the
heat source, the higher mst be the temperature of that
source to initiate a combustion reaction,

the ASTM, ASAyand API use a coniecal pyrex glass flask
which is heated in a bath of moiten metal and held at a
known temperature level, Drops of fuel being tested are
sprayed on the flask and the minimum temperature at which
the fmel can be made to ignite and continue to burn is re=
corded as the ignition temperature, The values of ignition

temperature thus obtained are useful only in cgﬁparing one
fuel with another,

W t?
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V. COMBUSTION REACTION MECHANISM

Combustion is the rapid, high temperature oxidation

of fuels. Since we are concerned primarily with hydro-
carbon fuels, burning involves the oxidation of carbon to
carbon dioxide or carbon monoxide if there is insufficient
oxygen for complete combustion and of hydrogen to water
Vapor. During a combustion process, chemical energy is
liberated in the form of heat, It is this heat which

renders the gases luminous which we define as a flame,

f | The flame front is the surface or areaz between the
luminous region and the unburned gas region, Most of the
oxidation occurs in this reaction zone while completion
of burning and emission of light occurs in the luminous
zone, h

According to theories of chemical reaction kinetics,
it is necessary for molecules of one substance to collide
with molecules of another with an energy equal to or great-
er than a certain critical minimunm beforéuany chemig¢al
reaction can taie place. For the combustion of propane

and air, the theoretical combustion equation isg

C3 Ha + 850, +/8.8N. — 3C0-. T 9H, 0 + 8.8 No

s’ :




"™ mhig equation implies that if the reaction were to ocour

40,

in one step, it would be necessary for one propane molecule
- %o collide simultaneously with five oxygen molecules belore
arreasti@n could ‘take place. 'This is highly improbable,

Hence, any complex resction involving many molecules must

occur as a series of different reactvions starting with the
initial substance and proceeding to the final products.
these series of reactioms in which intermediave prouucts
are formed in one step and destroyed in a succeeding step |
are knowvn as éhain reactions. ‘he intéfmediate products
formed are known as chain corriers because they help carry
the reaction to completion, Chain carriers may b€ iree
radicals which is a-group of atoms having one unpaired
electron, iree atoms of diatomic gases, oOT some organic
compdund. '
any chain reaction consists of an initiavion phase in

which chain cerriers are rormed, 2a propagation phase in
which the new chain carriers branch out and start a new
geries oi reactions oif 1its own, ana a terminavion phase in’
which some chain carriers are vaken outv ol play by anotTher
gubstance which reacts with or absorbs the cﬂain’éarriers.

. Chemicali kinetics deals with the manner and speed with

~which a given chemical veaction will progress, <‘he burning

rate can proceed no more rapidly than the slowest reaction




in the chain mechanism,

The number of collisions that occur in a gas per unit

time and volume between two‘kinds of molecules is Propor-
tional to the concentration of each, For the total number

of collisions per unii +time and volume between molecules A

and B with concentrations Np and Np, the kinetic theory of
gases yields the equation:

2
Zas = 2 Ng N Sas /Q"RT M +Hs
' MaMg

where M, and MB are the molecular weights,

Sa.a the average diameter of the colliding

molecules,
R - is the gas constant 8,31 4 x'107per degree

per mole, | \
T the absolute temperature.

Successful collisions between two reaction partners
result if the two colliding molecules possess a specific

degree of freedom and energy equal to or exceeding the

activation energy i, and if the geometry of collision is

favorable to their interaction. Thus, on a simplified

basis the number of molecules reacting per unit time ig
&lven by | ' ' |




ﬁhere E is the adiivation energy.
Sz Steric factor (factor fbg geometric restrictions on
collisional paths which ranges in value from 0 — 1),
When two atoms collide & dia%bmic molecule is not
- formed unl@ss some third atom or molecule partlclp&tés in
the colllslon because the sum of the energy of reaction

N
and kinetic energy of the colliding atoms is enough to

dissociate any molecule formed, The third atom removes
this excess energy and allows a bond to be formed., ‘wo
polyatomic molecules do not require a third body because
the excess energy can be distributed among the various
degrees of freedom of the molecules.

A reaction may occur by the decomposition of a single
molecule that has the necessary energy. Such activated
molecules are produoed by collisions and are des troyed
by colllslonal deactivation and by decomposition, Colli-
sional deactivation is predominant at high pressure and
negligible at low pressures,

A surface may act as a catalyst and faciliate a
reaction in,6 the gas phase or it may prevent a reaction
from occurring, ‘he property of a surface to destroy chain
carriers has a very important effect on the reaction rate,
this destruction may occur by a reaction with the material

of the wall or by absorption followed by a heterogeneous

\.‘




reaction #hen the wall is.a sink for chain carriérs‘.
The kinetics of the over all reaction is, strongly
dependent on the diffusion of chain carriers to the
wall, The rate of surface destruction of chain carriers
is € times the rate at which chain carriers strike the
surface where € 1is the chain breaxing efficiency of

the wall and has values ranging frvem 0 to 1,

43,
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'¥I., THECRIBS OF FLAME PROPAGATION

'On the basis of major assumptions,thedries of flame

propagation are divided into three groups - comprehen-

give theories, thermal thevries, and diffusional theories.

Thermal theories. are based on the assumption that
moletular heat conduction determines the rate for the
'combus%i@m,reacﬁion@ Most tThermal theories use the
concept of an ignition temperature. Heat produced by
chemical reaction is conducted to the unburned gas and
the temperature is raised o the ignition temperature,
at which point the gas begins to react. The region of
the combustion wave before the ignition point is called
the preheat zone and that region following is called
the reaction zone, The ignition temperature is now
known to depend upon the experimental conditions under
which combustion process occurs. The reaction rate in

these theories is assumed to be discontinuous a2t the

ignition point, that is, going from a zero wvalue in the

‘preheat zone to a finite value in the reaction zone.
Fresent views on the subject of combustion express the
idea that the reaction rate is a function of both temp-
erature and location in the flame,

In diffusional theories the burning‘velocity is

determlned prlncipally by diffusion., Active atoms and
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radicals proéuced by diesociation in the' burned gases
and by chain branching diffuse into the fresh gas and
cause it to react. ,Diffusion&l.theories frequently use
an average value for the temperature in the reaction
gone, The cbmbustion process is usually assumed to
have an induction period during Whi¢h the temperature
is increased and there is an accumulation of active
‘particles because of diffusion from the burning layers.
Local chemical dissociation is usually considered small
during this induction period, At ignition the concen-
trations of the active chain carriers have become large
and reaction velocities of the intermediate reactions
great so that the combustion reaction suddenly accel-

erates,
Thermal Theories

‘Mallard and Le Chatelier (49) were the first to

derive an expression for the burning velocity based on

a thermal theory. They assumed the reaction occured at
constant pressure, there'was a unique ignition tempera-~

ture, the unburned gas had a constant heat capacity

S
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ignition occurs was propoi'tional to the difference
between the final temperature and the ignition temp-

erature. Yhey arrived at an expression for the burning
velocity:

Vi = K __ (7-"'72)
Ce~ o+ T ~ T

where d, is the distance in which the temperature rises
from the ignition temperature to the final
flame temperature.

/”~ — density

K — heat conductivity

Cp - mean specific heat of the mixture

Nusselt modified their theory by assuming the

reaction velocity is constant, the velocity of the @s

in the reaction zone is equal to Vi %@ and arrived at

the following exPréssion for the gas burning velocity:

VT = k(T‘? “Tf.) Tc_s W
CP ~ (‘Ti"TO) Tg. &

where £ represents the concentration of products ab

the final flame temperature. —
W = reaction velocity which is constant.

Jouguet and Crussard (35, 36) and Daniell (14),
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arrived at theories which were essentially the same as
that of llusselt. Their theories were based ujpon'the
assumption that the unburned gas must rirst be brought to
its ignition temperature by direct conduction of heat from

the reaction zonme to the gas being heated in the adjacent
layer,

Damkohler (13) modified these theories and aésume/d
~that the temperature gradient at the ignition point is
Proportional +to the average temperature gradient scross
the reaction zone and defined a mean velocity gradient
w = N.V/d. where N, is the number of reactant
molecules per unit volumé 1nitially present., He arrived

at an equation for vurning velocitys

Vo = Fr ow ( Te-T2)
Cpfgj\/f‘(?m{,“‘i;)

Where F 1s the proportionality constant for the tempera-

ture gradient at the ignition point,
Bartholome and sachsse (3, 34, 52) investigated
the combustion of hydrogen, hydrocarbons, alconhols,
ethers, nltroparaffins, and alkyl nitraves with air, "
oXygen, nitrous oxide and their mixtures, “hey observ-
ed that gases x;a.:.,h large dlfferences in octane number

had practically the sgme value of burning velocity, “his

hy .




indicated a weak dependencé of flame velocity on re-

action velocity. They observed that an increase in
the unburned gas temperature caused 2 small increase
in burning velocityo Burning velocities were found to
have a strc;ng dependence on tfingl flame temperature
for fuel air mixtures. On the basis of these observa-
tions Bar’tholome (3, 5b) proposed a thermal thecry of
burning velocity based on the assumption there is no

change in the number of moles during the reaction which

- proceeds at constant pressure, there is no diffusion,

the heat conductively k is constant, and that the

ignition temperature is at least 90% of the final flame

| temperature. He arrived at an expression for the rate

of reaction:
Z = NI‘ S T
which depends on the order of the reaction o< where <5

1s a constant. Ior a second order reaction o - o

the burning velocity was found to bes

Ve = /(T;._‘r;,) To® 3 K Nr
(Ti - Te)C =N

where;

C: Le ~ZR]

A ljv
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Z N - total number of moles per unit volume at tempera-

ture T
£ — activation energy )
E —— universal gas constant
P —— pressure |
~£ /RT |
LB = e /'7"' where T= .95 I,

For the case where o< =

V-,- = [ Is - T - Te 1,*@3,[( R
Te = T3 C P

for the case where oc = 3/,

For a stoichiometric mixture of methane and air
Bartholome ca.lcu.la:ted a burning velocity of 105 cn/sec,
as compared with an experimental value of 49 cm/sec.,

Gaydon and volfhard (25) have determined from
experiment that his assumption of very high ignition
temperature is not valid,

The reason thermal theories are not generally

~accepted is because these theories depend on the ques-

" tionable concept of a unique ignition temperature.

Joust (34) and Muffling have stated that the ignition




of a given gas may occur at a number of temperatures

depending on other physical factors.
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Diffusion Theories.

Tanford and Pease (60,61,62) assumed that the rate
of diffusion of active centers into the unbmrned gas 1

determlnes the magnitude of the burning velocity. They

proposed that burning occurs because of the presencé of
free radicals that are supplied to the unburned gas.,

- They proposed two mechanisms by which these free radicals

could be supplied to the unburned gas. One method is by |
loc&l thermal dissociation and the other method is by '
diffusion from a single point at which the reaction has

reached equilibrium, They determined +that the effect of
local dissociation was small comparedi%o the effect of
diffusion. In developing theory for combustion at con-—
stant pressure they assumed, (2) the combustion zone is
at a constant mean temperature, Im= .7 ng (b) the diffu-~
sion coefiicient has a constant value Dm =D0 S where

Do is the diffusion coefticient for hydrogen atoms into
the unburned gas at room temperature and ©;,=1,. /Tg,

(c¢) the gom%inu}ﬁngquaﬁiou coula be linearized, (d)

the only two reactions that occur fast enough to have an

affect on the hydrogen atom concentration are:
H + O +M — HO, +M

h,,.fy'.;,j — Ha +M - - }




i N
i

- 52,

where M represents a third body, (e) the mole fraction of
oxXygen molecules has a constant nean wlize throughout the
reaction, (f) the rate of Fformation of product is a sum
of terms for each effective vadical or atom, (g) the
combustible is the only species involved in the process
in addition to the active particles, (h) chain branching

does not occur,

They arrived at an equation for the burning velocity

\

of carbon monoxide as follows:

1/2

VV=17*@”(KuPQDﬂ Koy P D)}
P y t EOH

ki’ rate constant appropgriate to the i th reaction

where N _= +Tgco /& m

gp = mole fraction of carbon momoxide or twice the
mole fraction of oxygen molecules in the initial
mixture.,

equilibrium partial pressure at the flame front of

"

the hydrogen atoms,

equilibrium partial pressure at the flame front

+J
0
. -
W

of 0 H vradicals, |
1/2 E“%‘ (1 =44 Dy frn? ) J

where al is a constant.,

is the specific volume at the temperature Tm.

i
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The values of burning'velocity-calculated by the

equations developed in this tﬁeory for carbon monoxide
mixtures was in good agreement with the values for burn- i'

ing velocity they measured experimentally. <The maximum

- —  disagreement encountered was less than 25%.

Simon (56) modified the Tanford-Pease relation to
apply to o series of hydrocarbons by including a term
for.%he total number of moles of water and carbon é;oxide
which form per mole of the specific hydrocarbon., Simon
assumed that H, O, and OH are the chain carriers and that
they are equally effective, The relation for the burning

velocity becomes:

} ¢ | 2
b lpr (e n Rem]”
Where - i
N - number of moles of combustion product per mole of
combustible.,
Q'= mole fraction of combustible.
Q = mole fraction of poteﬁtial combustion product.

number of molecules of gas at flame temperature,

i

rate of reaction of combustible.

w
i

Pi = equilibrium partial pressure of the 1 th aoctive

particle.

Bi-= term arising from recombination of i th free radical.,
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k was foimd to have a value of 1.4*. 1 x 10“',’

w;cv/mole sec, _for all hydrocarbons except ethylene. This
consistancy in the value of k suggested that the rate con-

‘ stants are ei/th‘er the same for oXidation of all hydrocar-

bons or, unimportant in the mechanism of combustion. Simon
calculated the diffusion coefficients for H, OH, and 0 into

-0, and lfl:Z by the Stefan Maxwell equation: D= 2 V3

A = effective mean free path.

V/3= average molecular velocity along one axis of a

Courain;

yte systen,

‘V-'- 14,500 (2/}y) 1/2 cm/sec.

M= molecular weight.

Values were found as follows for. diffusion into air;
Di= 1.78 cm/sec. |

Dov = .28 cm/sec.

D, = .40 cm/sec.

B values were calculated by the method of Tanford and

Pease,

This theory was found to be consistent for thirty-
four of thirty-five hydrocarbons tested by the method of
Gerstein, Levine,and Woug (27) » - Bthylene disagreed

by 25% with the eXperimental data. Simon points out

— N
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BURNING VBLOCITIES OF HYDROCARBON FLAMES

Vol. % . m o pon R X ]0". ee.
Compounds  cbon Sk % XWX 100 moleculed-t . T G e,

Mecthane 9.96 2235 0.57 1.42 1.08 2.36 33.8 33.9
Ethane 6.28 2246 .79 0.83 1.43 2.78 40.1 37.1
Propane , 4.54 2251 .82 .80 1.37 2.56 39.0 . 37.7
Butane 3.52 = 2258 .82 .89 1.43 2.42 37.9 37.6

: Pentane - 2.92 2249 .82 .73 1.26 2.51 38.5 37.5
Hexane 2.51 2241 83 .59 1.12 2.53 38.5 37.3
Heptane 2.26 2208 .80 .20 0.76 244 | 38.6 38.0
2-Mecthylpropane 3.48 2259 .79 1.02 1.53 2.13 34.9 36.9 .
2,2-Dimethylpropane 2.85 2254 .76 0.96 1.46 2.02 33.3 36.2 .
2-Mcthylbutane 2.89 2253 .80 .84 1.37 2.31 36.6 37.1
2,2-Dimethylbutane 2.43 2254 .78 .90 1.40 2.24 35.7 36.8
2,3-Dimethylbutane 2.45 2252 .80 81 1.33 2.30 36.3 37.0
2,2,3-Trimethylbutane 2.16 2242 .80 .64 1.17 2.29 35.9 36.6
2-Methylpentane 2.46 22561 .81 .78 1.30 2.33 36.8 37.2
3-Methylpentane 2.48 2245 .83 .87 1.20 2.34 36.7 37.1
2,3-Dimethylpentane 2.22 2220 .80 .38 0.88 2.42 36.56 36.2
2,4-Dimethylpentane 2.17 2238 .80 b3 1.07 2.29 356.7 36.4
Ethylene 7.40 2387 1.66 3.51 2.956 3.97 68.3 52.9
Propetie 65.04 2341 1.21 2.28 2.29 2.22 43.8 45.3
1-Butene 3.87 2320 . 1.14 1.64 1.92 2.43 43.2 42.8
1-Pentene 3.07 2316 1.04 1.82 2.01 2.36 ° 43.6 42.8
1-Hexene 2.67 2287 1.04 0.96 1.43 2.43 42.1  41.7
2-Methylpropene 3.83 2315 1.08 1.71 1.96 1.90 37.5 42.0
2-Methyl-1-butene 3.12 2208 1.02 1.28 1.66 2.13 390.0 41.2
3-Methyl-1-butene 3.11 2305 1.04 1.44 1.78 2.31 41.5 42.2
2-Ethyl-1-butene 2.685 2284 1.00 0.98 1.44 2.22 30.3 40.7
2-Methyl-1-pentene 2.80 2237 .96 0.36 0.84 2.43 39.6 39.2
4-Methyl-1-pentene 2.62 2295 1.00 1.23 1.63 2.23 40.5 41.3
Propyne 5.86 2473 2.28 6.65 3.78 3.10 69.9 61.3
1-Butyne 4.36 2413 1.84 3.53 2.76 2.60 68.1 655.6
1-Pentyne 3.561 2370 1.61 2.03 2.07 2.60 52.9 51.6
1-Hexyne 2.07 2333 1.46 1.17 1.56 2.37 48.5 48.6
2-Butyne? 4.36 2401 1.73 3.11 2.57 2.23 51.6 63.3
Cyclohexane 2.65 2249 0.83 0.65 1.13 2.56 38.7 37.4
Benzene 3.34 2307 1.02 0.96 1.16 2.42 40. 40.4

¢ Calculated equilibrium flame temperature. ¥ 3-Hexyne and 4-methyl-1-pentyne have been omitted since accurate
heat of formation data were not available.

Results obtained by, Simon, D.M., J. Amer. Chem,
Soc., 73, 424 (1951
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~ that the calculated.radical concentrations depend on

the flame temperatures and that any thermsl mechanism
also depends on the flame temperature therefore, some
mechaniem Whi@h depends strongly on flame temperature

-might give a correlation with flame speed as good as the

particle diffusion theary so that a thermal mechanism

theory camnot be ruled out,

Gaydon and Wolfhard (25,26) proposed that the
diffusion of atoms or radicals from the burned gas in-
to the unburned gas is the important factor in the
propagation of hot flames, They point out that since
reactions involving atoms or radicals require an acti-
vation energy, heat transfer may be importént. They
assuned: (a) that the ignition temperature marks the
beginning of appreciable exothermic reactions, (b) the
temperature in the flame zone Tm is equal to the gverage
between the final flame temperature and the ignition
temperature, (c) the thickness of the total luminous
region J, is approximately equal to 3/2 4. where J, is
the thickness of the luwinous reaction zone mea.sured
| between point of maximum rate of change of luminosity,
() the +time required for the gas to traverse this zone

- of thlcknese e is t,.= chn where Vi is g constant mean

5Te
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velocity in the fléme zone-equal to V Tm/To, (e) the
diffusion of hydrogen atoms is important and the diffye
sion coefficient Dm is taken as equal to Do (Tm/To)3/2 |
. Where Do is the diffusion coefficient tror hydrogen atoms
into a mixture of carbon dioxide and water at4standard
temperature anq pressure,
They arrived at-an expression for burning velocity

glven as:

o VT c D La Ti
Z Nr TM

where u is the mean reaction velocity equal to: N: V-
2 I
D""' Z{r/t.—-

N ¢ = number of reactant molecules per unit volume in the

unburned gas,

Boys and Corner (4,7) assumed a single exothermic

: | | ’

chemical reaction. They used three simplitfied models; - |
a first order rate form of a unimolecular mechanism, a

gecond order rate form or a bimolecular reaction, and a |

quasibimolecular form of a unimolecular reaction at
low pressure. fThese models allowed analytical solutions

.. Dby a method of successive approximations. They assumed

constant pressure and assigned constant mean values to




‘tracts a predetermined amount of heat.

thermal conductivity; specific heat and diffusion co-

efficient§, Corner (7) presents calculations which show
that for typical values of diffusion rates the burning
velocity calculated by neglecting diffusion is more than

twice the value obtained when diffusion is considered.

Hirschfelder and Curtiss (38, 39, 40, 41) set up

- general equations for one dimensional steady state, non

Viscous, constant pressure flames in a form suitable for
solution only by computing devices, ‘4heir eguations are
completely general with respect to the number of reaction
steps, the order of the reactions, and the number of
components involved, They did not use mean values tor
the diffusion coefricients as most other theorist have
done, but used equations for diffusion in terms of the
composition gradients. Chemical kinetic theory entered
only in their continuity equation. 1n the development of
their theary they introduced a matheqatical ilame holder

at the cold boundary which acts as a heat sink and ex- |

sults were given for unimolecular and bimolecular reac-

e

tions,

[RUemy— |




! | Comprehensive Theories

Lewis and von Elbe (44) were the firét to reject
the concept of ah ignition temperature and tofintréduce
an expression for the reaction velocity as a function
of temperature and concentration. They considered the
offect of diffusional as yell as heat conduction pro-
cesses, they suggested that active atoms and radicals
in the flame diffuse into +the unburned gas, and are
important in bringing this fresh gas to a reacting state.
They assumed constant pressure and used g constant mean
heat capacity.h The§ congidered the exothermic ozone to

oxygen reaction:
O3 = 0.+0

O+0.= 20,

The diffusion coefficient for the diffusion of oxygen in
the gas mixture vwas taken to be that for diffusion in

a gas consisting entirely of oxygen molecules9 and thus,
being independent of composition. They also assumed
that the total thermal and chemical energy per unit mass
is the same at every point in the flame, Thermal disso-

ciation of 0Xygen 1n the rburned gas was neglected. The

rate of farmation of‘oxygen by chemical reaction.was

o~

60.
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determined by tﬂe frequency of collision befween oxygen
atoms and ozone molecules and by the probability of re-
action occuring upon collision. They a.rrivéd at an
équation relating the change in temperature with dis-

tance into the flame front:
v,
| Sy T * 1 -IS 300/7 2
8t . 7.17:/0% P T”'{[ [Te/T-1)€E
dx To f1.M¢x10"1e 2313 gx10"P]™

the equation was integrated graphically.
The burning velocity was obiained by assuming that
the number of ozone molecules entering the flame front

per wnit time is equal to the number reacting per unit -
of time:

w 8% At
S

‘L t >,

Vr(Neo,) - j

where w is the reaction rate given by:

' ‘ %
W = 4 NoNog & *( 27 RT Mot Moy )
| | MQ N°3
S = average @iameter of the molecules 0 and'03

Mo and fﬁOB are the molecular weights of the 'oxygen

atom and ozone molecule.

- No, Wog are the concentrations of oxygen atom and




ozone molecule, )

Upon introduction of the expression for Qyﬂgt the
burning velocity was obtained by grapnicat integration,
the values for burning velocity calculated by the equations |
developed in their theory did not agree with the vaiues of
burning velocity they measured eXperimentally. Even though
the values did not agree, they were oX the same order of
magnitude and, therefore, suowed some correlation. This
early théory'gave onLy a 1irst approximavion to the actual
behavior and an insignt invoithe mechanism of combustion

upon which more precise theories couid be based,

Zeldovich and Frank-Kamenelsky (66,67,68) have devel-
oped a comprehensive theory for flame propagation. Their
theory has been discussed by Semenov (54). This theory
assumes 3 reaction model: NA=B:C for which the

reaction order may be zero, first, or second with regpect

'to A. Intermediate reactions are neglected. They

divided the flame zone into two regions, the preheat region
and the reaction region. In the preheat region the
temperature rises from the unburned gas temperature to

the ignition temperature. In the reactioﬁ region the temp=

erature rises from the ignition temperature to the final

- flame temperature,and the mass flow term is considered

T L T O g = s M 51— s e et g e e e T,
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small compared to the reaction and heat conductivity
terms, These divisions were made in order to facili-
tate the mathematical solution for the cbntinuity and
energy equations. '‘hey assumed the reaction occurs at
constant pressure and the number of molecules may change
éuring:%he reaction according to the ratio of N-~/Np
(moles of reactant / moles of product by the stoichio-
metric equation). They further assumed that the ignition
temperature is very near the final flame temperature,
and that the sum of the thermal and chemical energies
per unit mass of the mixture is constant in the combustion
zone,

Considering the rate of reaction to be a function
of temperature only, they arrived at an equation for the

burning velocity given as:

et

E - activation energy
R - gas constant
3 - collision number ] | -
Ao - molecules of initial reactant
Considering the reaction rave to be a function of
oompositioh as well as‘témpérature, they arrived at an

Ly -
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B
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equation given abs

’ ~EF/RT — 22
Ve = f 2Ky To € | (Elﬁi)
/‘S'C;Q T?(T“F ‘7;)1

7

E

where V is a freq_ueilcy factor.,

I the number' of molecules are allowed to change
during the reaction in wne ratvio of Ne/y, instead of
remaining cons*ﬁant as in ‘the previous two cases consid-
ered and the assumption that (k/C,) D = A/B is made,

the equation for a unimclecular reaction becomes:

‘EIRE

VT s E/Q(CP)!;)/ o Nr H (R;rﬁl) S — T
< Cp~ o Ne BVE /(Te-To)

and for a bimolecular reaction:

™ S 3 13 ‘E/RTF
Ve / 2k(Cp)s VA (1})( ) A (RT;) e :
A2 Cp3 Te/iNel B\ E ] (Te-T)
where
Ep is the mean value for specific heat in the region.

(Cp)¢ is the value of specific heat at the final 'flame

teuperature, v

Because of the neglect of the mass flow term in the
"energy equation for the reaction region, Semenov con-

cludes that provided (Tf - i) / (Tf - To) < .25 an error
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of no greater than 8§ is incurred in V,. He concludes
. that for bimolecular reactions the solution is valid
only for RTs /Eé | . Hence, application of the equa—
-tion for burning velocity is restricted to values of
activation energy B greater than 40 k ecal at final
flame temperatures equal to 2000°C.

Dugger (17) measured flame velocity as a func-
‘tion initial temperature for propane-air and ethylene-
alr flames, He compared curves of experimental date
with curves calculated by the Zeldovich, Frank-
Kamenetsky theory and also curves calculated by the
Panford-Fease theory. He assumed a bimolecular reaction
and elimingted terms not dependent upon temperature from
the Zeldovich, Frank-Kamene$skj equation and arrived at

an expressions

- E/RTs
2 -9 ¥
VT' =< To qu c

(Te - T

For the Tanford-Pease theory he useds
E PcDin = €.5 Pu+Pou +F

As can be seen from the curves ploted in figure(e¢ )‘

both theories give good agreement with experimental data,




Dugger, J. amer. Chem. Soc., (1951)
Dependence of V on T , Curves AB show experi-
mental data by Dugger; curves AC are calculated _
according to the Zeldovich=-Frank-Kamenetsky methods
ourves AD are calculated according to the Tanford-
Pease method,
Fl6. &
f. {




From an analyéis of all the theories for the rate
of ﬂé.me propagation, it is seen that there are four
bagic faactors which most influence thié rate. They
are listed by Smith,and Stinson (58) as:

(1). Mechanism of the reaction

(2). Kinetics of the individuai reactions in the

| mechanism

(3). Diffusion of chain carriers, or propagatidg

| centers, from the reaction zone to the un=-

burned gases

(4). Rate of heat transfer from the reaction zone

to the adjacent heating zone of the unburned

gases,

,,,,,
g
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EXPERIMENTAL DETERMINATION OF THE
BURNING VELOCITIES OF PROPANE-AIR MIXTURES

AND N-BUTANE-AIR MIXTURES

ﬂmon oompletion of the investigation into literature,
the author found several questions whlch require an answer,
They are the followings

(1), Does the flame propagate uniformly throughout
the entire length of the flame tube or only over a cer-

tain part?
(2), If the flame does not propagate uniformly through-

~out the entire tube, over what part does it propagate uni-

forml y?
(3), What effect do the orifices developed by Guenoche

(30) and used in the ignition end of the tube have on the
determination of burning velocities other than absorb
pressure disturbances?®

(4), Are there any significant differences in the
maximum values of the burning velocity obtained by the
method of Gerstein, Levine, and VWong (27) and those obe-
tained by 2 method similar to that developed by Coward and
Hartwell (8)%

(5), Vould there by any correlation between burning

. velocitiés obtained by the burner nmethod using the schli-

K

eéren cone and some variations of the tube method if the

measurements were carried out under the same environmental




conditions. and the ‘same gas. supplx,?; | .
(6), vfmai: variation of the tube method gives: the

closest correlation with the bunsen. burner ‘method?

’

/',

Burning Velocity Determined By The Tube Method

The apparatus used in the tube method experiments is

showmn in figure (&-1A). In all experiments with the tube

method two tubes were used. Both tubes were 44 inches
long. One of the tubes was 2.42 cm in inside diameter
and the other was 3.4 cm in inside diameter. Spatial vel=-
ocities of the flame propagation were measured from motion
picture phovographs taken of the flame front as it 'traveré
a measured distance., The photographs were taken with a
Bell and Howell camerTa using lo6 mm Kodak Tri X film at a
ratve of 32 frames per second,

The fuel=air ravios used in the experiments were -

69,

ed

eontrolled by regulating tue partial pressures of the fuel-

air adml'cted to the mixiung chamber,

The flame tube was evacuated of unwanted gases by
means. of a closely fitting piston which was displaced by
the desired fuel-air mixture admitted to the tube under
pressure, |

All measurements recorded in variations of the tube

method were from experiments with the tube in a vertical

position and upward flame propagation. Ignition oi_ the

‘‘‘‘‘
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fuel-air mixture wae accomplished by means of a.10,000

volt-spark across a gap of 1/8 inch.

Por each particular fuel-zir mixture, 9 to 12 measure-
ments were made to determine the spatial velocity. The
range in the values obtained for each mixture are shown:

on the‘respective figures by the vertical lines.
Spatial Velocities of Propane-air Mixtures:

- Spatial velocities of propane-air mixtures were
measured in five variagtions of the tube method.
Variation I was similar to the method developed
by verstein, Levine,and Wong. 4he 3.4 cm inside diameter
tube was used and was fitted with a2 1.27 cm orifice in
the ignition end and a .238 cm orifice in +the upstream
.end. Lhe spatial velocity was recorded over a 9 inch

distance, the center of which was located 33 inches from

the ignition point. <the results are shown in figure (E=2),

In variation 1I, the 2,42 cm inside diameter tube
was used with a .795 cm orifice fitted in the ignition
end and a .198 cm orifice in the upstream-end. ‘he obsér-
vation point was in the same location as in variation I.
Yhe results are shown in iigure (E-4).

Variation L1I was the same as variation 1I. emcept




it

tha:l: the. observation point was a 9 inch distance, the center

of which was located 11 inches from the ignition point.

| wﬁe»resulm are ghown in figure (E-67.,

- Migure (E-7), shows a,Comparison of the results ob-

! tained by variation Il. and variatioh 1IT. Ftrom this figure

it appears that the maximﬁm spatial velocity of 89 cm per
second occurs at richer fuel-=gir ratio when measured at the
top of the tube by variation 1I. This can be explained by
considering'theifact that propane has a higher molecular
weight than air, and that because of this there is a tend-
ency for it Ho settle out oif a mixture with air, and there-

fore, what was recorded as a rich mixture at the top of the

tube in variation i1 was actually leaner than recorded.

For this reason, and another to be explained later, this.
author chose to measure all further tests over a 9 inch
distance, the center of which, was located 11 inches from
the point of ignition. " |
Variation 1V was similar tow?ﬁe method developed by
Coward and HartWell, that is, the tube was left open at the
ignition end. and the upstream end was closed, The 2.42 cm
inside diameter was used. UYhe results are shown in figure
(B-5). '
| Variation V was similar to variation IV except the 3.4

em I.D. tube was used. “he results are showm in figure (E=3)..
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Pigure (E-8¥F shows a comparison of the resultsﬂof :
varlation IV and variation V. It points out the depena-
ence of spatial velocity cn the diameter of the tube used, |
the spatial veloc1ty being faster in the larger diameter
tube. o \

The unburned gas velocity for variations I, II, an?
I1I was obtained by experimental measurement of the volu-
| metric rate of gas flow within that portion of the flame
tube toward which the flame was advancing by a method
similar to that used by Gerstein, Levine, and Vong. A tube
was attached to the orifice in the upstream end of the flame
tube. To this tube was attached a funnel of 1/2 inch dia-
meter across which was a soap film. As the flame propaga-‘
ted in the flame tube, the growth of the soap bubble was
photographed. The volume of the soap bubble obtained was
divided by the cross sectional area of the flame tube to
give an unburned gas velocity. This procedure was carried
out for fuel-air ratioswhich gave the fastest and slowest
values oi spatial velocity. A linear relation was assumed
between these points éﬁd tﬁe results are plotted in figure
(E-164). ‘There was no significant difference in the values

for the unburn

ed gas velocity obtained in both the 2.42 and
5¢4 cm 1,D tubes. The apparatus used is shown in figure
(E-1B)." |
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Some Observations On Flame Propagation

Ih the method used by Gerstein, Levine, and Wong,
that is, variations I, II, and III, the flame front began
to accelerate about 16 inches from the ignivion pointe.

This acceleration was damped out at about 25 inches from
the ignition point and the flame assumed uniform propa-
gation again at about 28 iunches from the ignition point,

In the tube method similar to that used by Coward |
and Hartwell, that is, variations IV and V, the flame propa-
gated uniformaly to about 16 inches from the ignition point
where it began to accelerate and assumed a cellular struc-
ture at about 22 inches from the ignition point. It retain-
é& its cellular structure for the last 22 inches of travel,
At rirst, the author thought this phenomenon was the result
of diffusional stratification, but the author tried this
method viith the tube in a horizontal position with rich
and lean mixtures and the same phenomenon was observed,
Therefore, the author concluded that it was not diffusion-
al stratification, but a characteristic inherent in this
method, Therefore, on the basis of this observed pheno-
mena and reasons mentioned previously9 in order to compare
various variations of the tube méthod, it is necessary to

measure spatial velocities over a 9 inch distance, the
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center of which is located 11 inches from i@ition point,

SPATIAL VELOCITIES OF
N-BUTANE AIR MIXTURES.

Spatial velocities of N-Butane-air mixtures were
measured in six variations of the tube method. Spatial
velocities were measured over 2 9 inch diétance, the center
of which was located 11 inches from the ignition point in
all the variations except variation VI,

Variation I was similar to the method of Coward and
Hartwell, that is, the ignition end was left open and the ¢
upstream end of the tube was closed. The 2,42 cm inside
diameter tube was used. The results are shown in figure
(E-9Y.

Variation II was similar to variation I except the
tube was fitted with a .795 cm orifice at the ignition end.

The results are snown in figure (B-10).
Variation III was siwmilar to variation I except the
sw4 cm inside diameter tube was: used., The results are

shown in figure (E-11). T

Varia:tiom IV was similar to variation III except a.

1.27 cm oririce was fitted in the ignition end of the tube.

[he results are shown in figure (&-12),

. "

By comparing figures E-11 and E-12, we can see clear-
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1y the wffect that an orifice in the ignition end of the
tube has on spatial velocity if the upstream end of the

- tube is closed. The reason the spatial velocity is fast-

er when the orifiée is used in the ignition end is obvious.

when we consider that if the orifice is to reduce pressure
variations, it must also restrict £flow of thehburnﬁ gases
which have a much larger specific volume then the unburnt
gases snd which, because of this restriction, tend to act
as a hot gas piston accelerating the flame front.

Variation V was similar to the method developed by
Gerstein, Leviney and wong. The 3.4 cm inside diameter
tube was used with a 1.27 cm orifice used in the ignition
end and a ,238 cm orifice in the upstream end. The results
are shown in figure (E-134). |

By comparing variation IV with variation V, shown in
figure (E-15), we can see that faster spatial velocities
result in variation V because of the fact that when the
upstrecam end of the flame tube was closed, the compression
waves, which were formed as a result of the hot gas efiect,
reflected from the closed end of the tube as compressionf
Waves, thereby causing a retardation of the propagation of
the flame front., When the upstream end of the tube was
fitted with the orifice some of the incident compression

- Waves were reflected as expansion waves, which acceélerated

the gas particles in the direction of the propagation of

&




the tail of the reflected expansion wa¥es, and which

- resulted in an acceleration of the flame front. This‘ \

orifice in the upstream end did not entirely counteracs
the eifect of ﬁhe reflected compression waves, |

If in figure (k-15) we subtract the maximum value of
burning velocity of curve U from that of curve ¢, we see
that at a value of spatial velocity of 85 cm per second
for curve v, the difference is 6.5 cn per second. If we
enter figure (E«l6§} at a value of 85 cm per second for the
Sspatial velocity, we see that to this value there corres-
ponds an unburned gas velocity of 6.2 cm per second. As
is obvious from this calculation the &ifferencé betveen
Variation 1V and V is approximagtely g méasure of unburned
gas veloeify, 1t would be a true measure except for the
fact that in variation IV the flame assunmes a slightly
different shape because of the additional flow of gases
through the flame front caused by the hot gas piston effect,
and the effect of the reflected compression waves., The
effect of this siight difference in flame shape, however, -
would be very difficult to calculate;

in variation VI, suggested by lr, Owczarek, the 2,42
em 1L,D. tube was used with the 1.27'cm orifice fitted in
the ignition end of the tube., the gp&tial‘velocities were

measured over a 9 inch distance the center of vhich was

| ,loéaied 55 inches from the ignition point. ‘he upstream




- - i ' I} B

N i
1 " . 1
i 4 , . . . l. ‘."
/ ! . Iz.? ® . R
. - . I3 ' . 4 ' - B
4 : P. : 2 v ST Ty
) f .- ' D . >'x"
i “ 1 oL e
i ‘ : R

I

e -

¢ ﬁ;_,_-;— -,

‘g_, ....:.:.-—m' .

end of the tube’was fitted with a cap composeé of a one

inch thickness of closely packed steel wool. The purpose L
of this steel wool Was to damp all waves which previously |
interfered with uniform flame propagation. This type of

upstream end closure permitited unifornm propagation of the

flame front for the entire length ot the flame tube.s No

acceleration or cellular flame structure was observed in
this method at any point of the flame tube. Uhe Flome
front was shaped like 2 semi=-ellipsoid with a segment re-—
moved., Its semi-nmzjor axis was coincident with the axis

of the flame tube, The flame shape photographed in +this
method was projected at double the actual size onto figure
(E-175). The values of the spatial velocity measured in
this variation are shown in figure (E-13B).

The unburned gas velocity for variation VI was ob-
tained by experimental measurement of the volumetric rate
of gas flow within that portion of the flame tube toward
which the flame was aclvancing., "o +the upstream end cap
containing the steel viool was atiached a 1% inch long tube
of 1 inch I.D., Across this tube was a soap film, As ﬁhe
flame propagated in the flame tube, the growth of the soap
bubble was observed. The volume of the soap bubble obtaine

ed was divided by the cross sectional area of the tube to

give an unburned gas velocity. The apparatus used is shown
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in figure (E-1C)., This procedure was carried out for
mixtures of 3.%8% aﬁd 2,726, N-Butane. A linear vari-
~ation was assumed between these points. The results are

shown in figure (E-16B8).
Burning Velocity Determination In The Tube Method

In order to calculate the burning velocities from
the measured spatial velocities it is necessary to know
the unburned gas velocity and the flame surface area,
the unburned gas velocity uetermination was previously
described and the results were plotted in figures (E-16A
and k-168). The flame surface area was obtained from pro-
jections of photographs of the flame surface. To facilitata.
calculations, tne flame surface was approximated by a

portion o1 an ellipsoid with its axes aligned as shown in

figue (E=17A) for the flame surface obtained in all vari-
ations or the tube method using the 2.42 cm I.D. tube ex—
cept variation VI for N-Butane whicin is shown in figure
(E-=17B)., The flame front geometry obtained for all vari-
ations using the 3.4 cm I.U, tube is shown in Iigure (E-18),
For the flame surface observed in tne 2.42 cm I.u,
tube, for all variavions or the tube method except vari-

ation VI for sutane, we measure irom figure (B-174):

— D a=lengun of the semi-major axis= .85 in,
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b= length of the semi-minor axis, .45 in.
we calculate: the eccentricity

', @ | j . ba =
“ad
J ,

the area of a semi-ellipsoid is calculated from the equa-

tion:
a | -
Az Tbe 7 2b sin e
e

and we get the area: Az 2.065 in.2

Area A':1 in figure (E-17A) was approximated as a
segment on the surface of a cylinder of .9 inches in
diameter with its axes coinciding with the axes of the
ellipsoid. Its surface area was calculated graphically
to be: Az o437 in,°

The flame sur:f;‘éce area 1is the difference between the
surface area of the semi-ellipsoid and the segment of area

A,. | |
2 ‘ A

s 2.055 - ¢437:1.628 :Lno_2




| S

the cross. sectional of the 2,42 cm I.D._ tube ca.lou.'/l.ated
to bes Ay = «T17 in,¢ - | |
For the flame surface observed in the 3.4 cm I.D. tube,
we measure from figure (E-184)s.
a=z length of the semi-major axis.- 1.3 in.
b= length of the semi-mdnor axis z ,65 in,
we calculate: H

the éccentricity ez 1 ...B.‘ | = .866

r

a
the area of the semi-ellipsold is calculated from the

equations

-
A= TIb 4+ Tab ein e
e

we get - A=z 4.525 in.2
Area A, 1in figure (E-18). was approximated as a

segment on the surface of a cylinder of 1.% inches in

diameter with its axes coinciding with the axis of the

ellipsoid. Its surface area was calculated graphically

from figure (E-lBB), and found to be:

Ap= 1.17 in.?

The flame surface area is the difference between the

surface area of the semi-ellipsoid and area A,.

Ap= 4.525 - 1,17 ¢ 3.35 in,2
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the cross. sectional area of the 3.4 cm I.D. tube was: cal-
culated to be:

Az 1.405 in,°

In variation VI for N-Butane the flame surface was.
approximated as a portion of an ellipsoid with its axis.
coincident with the +tube axis as. showm in figure (E-17B)

We measure from figure (E-17B):

as length of semi-major axis-1,2 in,

b= length of seni-minor axiss 477 in,

We calculate the eccentricitys

2

b
eé= (] -— = 018

a'l.

the area of the semi-ellipsoid is calculated from the
equatioia:
A=Tb* + Tah gin e g

and we get the ares ¢ Az 2,994 in_.2

Areg Agg in figure (E-17B) was approximated as a

segment on the. surface of a cylinder of .955 in dismeter
Whorse 2X1ls is coincident with the axis of tne tube., Its-
surface area was calculated graphically to 'Ezeﬁgg .36 *in.e
The flame surface areg 1s the difference between the sur—

lace area of the semi-ellipsoid and the segment of area

AQ’ | . | N
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A= 2.994 - .86 2.134 in.?

*' The cross sectional area of the tube was calculated to be

17 in.2 ,
The values £6r the burning velocity of flames that

propagated in tubes which were closed at the upstream end

were calculated from the formulas
Ybs Vs Ar
- /AF

where Vbe burning velocity
Vs: = measured spatial velLocity

A, = calculated flame surface area

£ |
For all the variations in which the upstream end of

; - A, = cross sectional area of the flame tube.
l
| |
the tube was closed, it was assumed that the value of un-
burned gas velocity was. zero.
The values for the burning velocity of flames that
propagaied in tubes in which there was fitted an orifice

or the cap used in variation: VI for N-Butane , in the up-

——8tream end of the tube, were calculated from the formulas

where Vvp = measured value of the unburned gas. velocity

and is obtained from figure (E-164) for all variations of

| . e t——




fhe tube method which used an orifice in the upstream end
of the flame tube except for variation VI which is obtain-
ed from figure (E-16B). |

The calculated values for the burning velocity ,of

| prOpahe-air mixtures are shown in figures (E-ZO), (E--21),
and (E-22). ‘he values shown in figure (E-20) were ob-
tained from the spatial veldcity measured in the tube
method by variation V. The values of burning velocity
shown in figure (E-21l) were obtained from the spatial
velocities measured by variation I1I. The values of burn-
ing velocity shovn in figure (E-=22) were obtained from
spatial velocities measured by variation IV,

Comparing figures (£-20, E-21, and E~22), we can see
no significant difference in the values of burning velo-
citie obtained by the variations III, IV, and V of the
tube method for propane. A: maximum value of burning
velocity ranging from 35.5 to 36,5 cm per second at mix-
tures between 4.15%and 4.25% propane, is obtained from
these figures, B | |

The calc{ilated values for the burning velocity of
N-Butane-air mixtures obtained by variations of the tube
‘method are shown in figures (E-=23), (E-24), (E-25), QE—QGA),
- and (E-26B)., The values of burning velocity shown in | |
figure (E-—23) , ‘were obtained from spatial velocities meas=
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ured by variation I of thé tube i;lethod for N-Butane, and
those i figure (E-24) were obtained from the values of
spatial veloclity measured by variation II of the tube
method, |

rigure (E-25) shows a comparison 'of the va.lvﬁeé: of
burning velocities obtained from variation III and IV
of the tube method., Curve A was obtained from variation
1V and shows the eriect of an oriiice placed in the igni-
tion end oxi the tube with the upstream ena ot the tube
closed, As was Stavea previousLy, the oririce in vhe ig-
nition end caused an increase 1n spatial velocity pecause
of hot gas pisuvon esfect but, even with the increused
spatlal velocivy, tThe burning veiocity curves for variation
111 and 1v should be utne same, 'fhe reason variation 1LV
8hows a slightly higher burning velocity is because the
gsame flame suriace avez Was used in poTh calculations, and
the value for the unburned gas velocity was assumed to be
gero in both variations. The initial compression wave
formed by the expansion of the burnt gases is much stronger
when the ignition end contained the orifice then when thé
ignition end was left open. This stronger incident compres—
sion wave in variation IV caused a higher value for the un-
burned gas velocity than that in variation III, and there-

fore, the assumption of a zero value for this unburned gas
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| vélocity in variation IV. by this author and others (30),

who have used a similar variation is slightly in error.
Figure (E-26A) shows the values of burning verocity
calculated from spatial velocities measured in variation
V of the tube method for butane.
Figure (E-26B) shows the values of burning velocity

calculated from spatial velocities measured in variagtion

VI of the tube method for N-Butane-air mixtures.,

Burning Velocity Determination
By ‘he Burner Method

As a result of the authof%i investigation into litera-
ture, the schlieren cone was chosen to be the surface to
employ in determining burning velocities. The schlieren
system and other equipment used in the burner method is
shown in figure (E-27). The burner tube had an inside
diameter of 5/16 inches, ‘fhe schlieren image was photo-
graphed with Kodak Super XX panchromatic film at a shutter
speed of 1/75 sec. sSome typical photographs obtained are
showvn for propane-—air mixtures in figures (E-33,E-34) and

butane-air mixtures in figure (E-39). “he burning velocit-

ies were calculated by dividing the volume flow rate meas=

ured by the surface area of tine schlieren cone, The




«  formula used was:

N Vbg volume flow rate
\ , mr cosoe

where Vba burning velocity
T = radius of the base of the éoné.

h = height of the cone

<= the Miéhaelson angle
The results of the burning velocity calculations for
propane-agir mixtures are shown in figure (E28), The
results for the burning velocity calculations for the
- butane-air mixtures are shovn in figure (B-29). There wés
some difficulty in obtaining the values for the burning
velocity of very lean mixtures of butane and air, because
the flame tended to blow off the burner tube., The rich
mixtures may have been diluted by the surrounding air, and
what vas recorded as a rich mixture was actually a leaner
mixture than recorded. Two sets of points were recorded
for the richer mixtures. The set of points shown at approx-
imately 3.75% Butane would agree with those obtained by the
tube method, '
Comparison of Results

- Mgure (E-30) shows a comparison of results of
burning velocities for propane-air mixtures obtained in
variation V of ‘ the tube method, and the burner method by
this author with those obtained by other investigators.

- ~ The maximum burning velocity obtained in the burner method




(curve D of figure E-30) is 40 cm per second at 4.05%
ﬁropan@ as compared to 36.5 cm per second at 4.25%>pro-y
paﬁe obtained by the tube method (curveE), ¥rom this
figure 1t is also seen that the vaiues obtained by this
author. by the burner method are higher than those ob-
tained by Gerstein, Levine and, viong. and fall = between
the values obtaingd by'the other investigators (1,5,57).
Who have used a variation of the burner method. 1t is
seen that the values obtained by this autior by the vari-
ations of the tube methodagree very well with those ob-
tained by Broeze who used the burner method. From g
study of the results shovm in figure (E-~30), it is evident
that the results obtained by this author compare favorably
with results obtained by other investigators.

This guthor feels that the burning velocities obtaine-

ed by the burner method are closer in value to the actual

burning velocities than those obtained by the variations

of the tube method, B g
Figure (E-31) shows a comparison of burning velociti-

es obtained from varistions of the tube method with those

obtained by the burner method for N-Butane-air mixtures.

It can be seen that variation VI of the tube method

(curve ). and the burner method using the total schlieren

- eone (cuive c), y&hld the same value for maximum burning

.,‘J'




- 88,

/ ' - : B

‘VBlOClty although the maXimum value for burning velocity
is obtained at a leaner mixture in the burner method,

- Variation I (cuxrve A). and variation V (curve DY yield
a lower value For buxning'velocity than variation VI or
the burner method. Varistions 1, V, and VI yield the
maximum value of burning veiocity at &Dpraglm&tely 3.38% -
N-Butane., Variation VI and the burner method yield
slightly higher values for burning velocity than those
obtained by Gerstein, Levine,and wong (27). This autnor
feels that the results obtained by variation VI of the
tube method.are probably the true results.

CONCLUSIONS

When an orifice is used in the lgnition end of the
flame tube and the upstream end of the tube is closed,.
such as the method developed by Guenoche (30), there is
an increase in the spatial velocity caused by the res-
triction of the flow of the eZpanded burnt gases from the
tube, but because of the incident compression waves, form-
ed as a result of the hot gas piston effect, which accel-
erates the gas particles in the direcﬁian of the propaga-
fion of the head of %he wave and the interaction of the

reflected compression waves, the assumption of a zero

.........




- " Cn

value for the unburned gas velocity may not be valid. If

this method’is to be used accurately, there should be |

developed a method by which unburned gas velocity can be

measured.

' the author observed that in variations of the tube.
method similer to those developed by Guenoche (30)

(orifice ignition end and ciosed upstream end) and

-éoward and mértwell (8). (bpen ignition end and closed

upstream end) flame‘pfopagation was not uniform through-
out theveptire length o the tube but only over a small
portion, ‘the tube method developed by Gerstein, Levine,
and Vong (27), with an orifice in the ignition end and an
oririce in tine upstream end gave uniform propagation for
a longer period of time than variations deveroped by
Guenoche (30) or vovard and Hartwell (8). Variation VI
of the tube method ior N=tutane-air mixture which was
suggested by ur, Owczareix, and developed by this author,
gave uniforﬁ propagation of the flame front throughout
the entire length of the flame tube,

the author observed that all variations of the tube

| method exXcept variation VI for N-Butane yield lower values

for the burning velocity taan those obtained by the burner
method using the schlieren come, Variation VI, wnich

utilized a steel wool cap in the upstneam.end'of the flame
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‘tube to damp out reflected waves, yielded values of burn-

ing velocity which agreed with those obtained by the burn-

er method.,

On the basis of his ex@eriments, and information on
the thoretical values calculated for burning velocities
of tropane snd N-Butane air mihﬁuresg and also. published
liverature on the experimental determined values of ourn-
ing velocity, the author feels that there is excellent
agreement in the values for burning veloclty obtained by
the burner method utilizing the schlieren cone and those
obtained by variation VI of the tube method, and that

these two methods yield the true values ot burning veloci-

- tles,

i
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