Laminar burning velocities of propene-air
mixtures at elevated temperatures and
pressures

K. Saeed* and R. Stone*?

Propene (CsHg) is a key intermediate species in the combustion of higher alkanes and alkenes,
yet the only significant published data since the 1950s appear to be for the laminar burning of
propene—air mixtures at close to ambient conditions. The work undertaken here has generated
data for the burning velocities of the propene—air mixtures at varying temperatures and pressures
in a constant volume spherical vessel with central ignition. A multiple burned gas zone model has
been used to give the relationship between the pressure rise and mass fraction burned. The initial
temperatures were 293 and 425 K, with initial pressures of 0-5, 1-0, 2-0, 3-5 bar, and equivalence
ratios of 0-8 to 1-6, from which data have been obtained for the laminar burning velocity at
pressures up to 20 bar and unburned gas temperatures up to 650 K. The data have been fitted to
a nine term equation to describe the effects of: stoichiometry, pressure, and temperature. Burning
velocity data for propene-air mixtures have been compared with earlier reported data, and the
values obtained from the present study are in very good agreement with the data of Davis and
Law for ambient conditions. Cellular flames were found to exist in some test runs and the

conditions of the cellularity onset are reported.
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Subscripts

b burned

o,I 1nitial condition
u unburned condition
w  wall

Introduction

Laminar burning velocity data are of great significance
and play an essential role in determining several
important aspects of combustion for both practical
and theoretical applications. Flame chemistry is com-
monly studied by performing computer simulations of
laminar, one-dimensional (1D) flames by solving com-
plex chemical kinetic schemes. As the chemical kinetic
data in such models are not sufficiently well known for
the predictions to be used with confidence, it is more
usual to use measured burning velocities to validate
these chemical kinetics schemes. The production of
accurate experimental data on laminar premixed flames
therefore plays a key role in the process of under-
standing a large range of flames.

Combustion of alkanes larger than methane is a
complicated subject owing to the great variety of minor
species that can be formed. It has been found that
alkenes are formed as an intermediate in the combustion
of higher alkanes, such as propane, butane, heptane and
isooctane, Glassman' and Davis er al.? reported that
propene (C3Hyg) is a key intermediate in the combustion
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of higher alkanes, such as propane, butane, heptane and
iso-octane as these hydrocarbon compounds constitute a
notable part of practical hydrocarbon fuels, yet the only
published data since the 1950s appear to be for the
laminar burning of propene—air mixtures at ambient
conditions by Davis and Law?® and Jomaas et al.,* who
present data at 1, 2 and 5 atm. Data on the burning
velocities of propene have been reported by Gerstein
et al.,” who measured flame propagation in a tube, and
Gibbs and Calcote,® who used a burner. The accuracy of
these data needs to be questioned, because of complica-
tions associated with the determination of the burning
velocities using these methods. In the burner method
used by Gerstein ef al.,’ a premixed combustible mixture
is allowed to flow through a tube and at the end of the
tube a conical flame is produced, which is stabilised by
the flow of the combustible mixture balancing the rate of
consumption of it at the flame front. The burning
velocity is calculated by means of the measurement of
the conical flame area and mixture flow speed. The
apparent simplicity of the method is unfortunately offset
by well known shortcomings, such as the effects of flame
stretch coupled with mixture diffusion and heat transfer.
In the tube method used by Gibbs and Calcote,® a long
cylindrical or rectangular tube is filled with a quiescent
combustible mixture. The mixture is ignited at one end
of the tube; it is closed at other end. A flame front is then
established which moves up the tube. The burning
velocity is determined from the product of the ratio of
tube to flame area and flame front speed. However, in
the tube method, a plane propagating flame is unstable
and variable, so it is difficult to calculate its area and its
flame speed, and hence both are subject to experimental
errors. Also, the walls of the tube act as a sink for the
removal of heat, thereby reducing the flame velocity at
the walls. Davis and Law® determined the burning
velocities of alkenes using a counterflow flame config-
uration over a range of equivalence ratios at ambient
temperature and pressure, and these data from an
established technique provide a useful baseline valida-
tion for the current study. The counter flow twin flame
technique allows the systematic subtraction of an effect
called flame stretch from the burning velocity. The
experiment involves the establishment of two symme-
trical, planar, nearly adiabatic flames in a nozzle
generated counter flow. The determination of the axial
velocity profile along the centreline of the flow by using
the minimum point of the velocity profile as a reference
upstream speed St corresponding to the imposed stretch
rate, K, which by definition is simply the velocity
gradient ahead of it. Thus, by plotting Sy versus K,
and extrapolating it to K=0, it is possible to obtain the
laminar burning velocity at zero stretch.

The counter flow technique is an established techni-
que, but there are difficulties associated with it in
properly defining the flow field, and the strain rate
profiles. Also, the technique is not readily applicable to
the generation of data at elevated temperatures and
pressures. The constant volume vessel technique is
widely used for the determination of the burning
velocity, as from a single test run a wide range of data
is obtained at varying (but coupled) temperatures and
pressures. Recently, Saeed and Stone”®* have developed
a novel multiple burned gas zone model to describe the
different aspects of premixed laminar combustion in a
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closed spherical vessel and then successfully used it for
the determination of the burning velocity. They found
that the relationship between the pressure rise and the
mass fraction burned is not linear as assumed by Lewis
and von Elbe.” The multizone model shows that the
error associated with the linear assumption is up to 5%,
and the error is a maximum for a stoichiometric mixture.
The multizone burning velocity technique is used here to
obtain burning velocity data for propene—air mixtures
with initial temperatures of 293 and 425 K, initial
pressures of 0-5, 1-0, 2-0 and 3-5 bar, and equivalence
ratios of 0-8 to 1-6. The burning velocity data for
propene—air mixtures are compared with earlier reported
data. Cellular flames have been found to exist in some
test runs for propene and the conditions of its onset are
reported.

Experimental facility and procedures

The experimental facility used in the present work is the
same as used by Saeed and Stone.® The test facility
(Fig. 1) consists of the following: a combustion vessel
and heating system, ignition circuit, gaseous and liquid
fuel handling system, and a data acquisition system. The
spherical test vessel (160 mm diameter) is provided with
central ignition electrodes. The test vessel can withstand
a maximum pressure of 34 bar. The combustion vessel is
placed inside a heating system, which consists of an
oven, made from Sindanyo. The oven is fitted with a fan,
temperature controller and air baffle plate. The heating
system is employed to achieve two purposes: testing of
the mixture at elevated initial temperatures and the
evaporation of liquid fuels at high temperatures.

An initial temperature of over 150°C inside the test
vessel can be achieved and maintained using the heating
system. The combustion vessel is fitted with two
diametrically opposed electrodes to achieve central
ignition. The electrodes are powered by a standard
Lucas inductive ignition system consisting of a coil drive
module, two extended equal length electrodes, a 12 V
battery, and a switching system for controlling ignition.
The ignition system gives a spark energy of ~1 mlJ
(Ref. 10), which is more than the minimum ignition
energy of the fuels tested in the present study. Gaseous
fuel-air mixtures are prepared by using their partial
pressures.

A high temperature circulation pump is connected in
series with the steel chamber, combustion vessel and
heat exchanger. This ensures homogeneous mixture
preparation inside the vessel. Five minutes are allowed
for the mixture to become quiescent and homogeneous.
This is consistent with the earlier studies of Metghalchi
and Keck!! and Clarke'® as any longer does not make
any difference to the burning velocity. A Kistler 701 A
quartz pressure transducer is used with a Kistler 5001
charge amplifier for the measurement of the dynamic
pressure. They were calibrated as a pair using a dead
weight tester. A high speed data acquisition system
based on Pentium IIT with a national instrument’s data
acquisition (DAQ) card is set to record the pressure and
ignition signal for the subsequent analysis. The DAQ
system consists of a PCI-MIO-16E1 card, which
provides 12 bits analogue to digital conversion, a
BNC-2090 rack mount, and the LABVIEW program-
ming language for coding the data acquisition ‘front
panel’. The data sampling rate is set at 25 kHz, and the
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1 Representation of experimental facility

dynamic pressure measurement is triggered by the
voltage history of the primary circuit of the ignition coil.

The advantage of using the pressure rise to generate
laminar burning velocity data is that a single experiment
yields data for a wide range of coupled pressures and
temperatures, and by varying the initial temperature or
pressure, then the pressure/temperature dependency can
be decoupled; see for example work of Stone ez al.'® The
disadvantage of the pressure rise method is that if
cellularity occurs, then the data can not be used.
However, cellularity can be detected from discontinuities
in the laminar burning velocity data (this will be shown
later) — discontinuities in the pressure record are not
sensitive enough.

A multiple zone model® is used to calculate the
relationship between the mass fraction burned and
pressure rise, the temperature gradient in the burnt
gas, and the thermodynamic properties of the burned
and unburned gas, so that the flame radius and burning
velocity can be computed. The model assumes a thin
flame front separating the burned and unburned gas, an
assumption that is also used in many combustion
models. This model was successfully used for the deter-
mination of the burning velocities in Saeed and Stone.”*®
The assumptions and method used for the determination
of the burning velocities are the same as used in Saeed
and Stone.” 8 The burning velocity calculations assume
a spherical flame front within a spherical closed vessel
filled with homogeneous combustible mixture. At time
t=0, the mixture is ignited at the centre, a spherical
flame front is established instantaneously, and begins to
propagate outwardly to reach the wall. Considering an
elemental shell of thickness dr; at radius r;. If, during the
travel of the flame through the vessel, the burned gas
had not expanded, then an element dr; would be the
thickness of a shell at the temperature 7T;, and pressure P;
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about to be traversed by the wave in the time element dz,
as shown in Fig 2a. Its volume would have been

47rr12dri

M

However, by expansion, the radius of the shell increased
from ry to ry, the pressure to P and the temperature of
the shell to T,. Therefore, its volume is actually

T.P;
4nri2dri( Tli Pl)

Since the thickness of the shell is equal to S,dz, its
volume is also equal to

(@)

4rri Sydt (3)

Equating equations (2) and (3) gives the equation for the
burning velocity as

(@) )

The unburned gas is assumed to undergo isentropic
compression, so its temperature can be calculated by

u=

4

nm-l

P Tu
n=ni(7)

Substituting equation (5) into (4) gives the equation for
burning velocity as

' N2 /pN\
s=(5) () (7)
dt p P

but a relation is now needed between the pressure rise
and the flame growth.

Equation (6) is as derived by Lewis and von Elbe.” A
temperature gradient is established in the burned gas
region and the multizone model was developed, as

)

(6)
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\vj

(a)

a before burning; b after burning
2 Position of elemental shell

reported in detail in Saeced and Stone.” The final
equations obtained, which incorporate the burned gas
temperature gradient in the model, are given in the
Appendix. The burning velocity in the present method is
then calculated by utilising this multizone model and
modifying the equation (6) as

_ dp dr; ri 2 P; 17
() (@) () (7) g

In equation (7) first term on the right hand side, dp/d¢, is
calculated from the experimental data file. The second
term, dr;/dp, is calculated from the multizone modelling
program. Both r; and r, are functions of pressure, i.e.

ri=/(p) ®)
o=/ (p) ©)
()
ri=0x)"3R (11)

But the burned gas volume and radius can be calculated
from the following equations

vo=V—mij(n—1)(RuT,/P) (12)

5]

¢=1.0
¢=1.2

A
3]
I

¢=0.8

g=1.4

¢=0.6

% Error in Pressure (bar)
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o

3 Variations of error in pressure with mass fraction
burnt for propene-air mixtures in 10 zones model for
initial conditions of 1 bar and 293 K
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(b)

ro=R[V —mi(n—1)(RuT,/P)]'* (13)

Lewis and von Elbe’ assumed a linear relationship
between the pressure rise and mass fraction burned. The
multizone model shows that errors associated with the
linear assumption peak at 0-1-0-2 mass fraction burned
for any equivalence ratio. Figure 3 shows that for
propene—air mixtures, the Lewis and von Elbe’ method
would give an error of up to 5%, and the error is a
maximum for a stoichiometric mixture. Figrue 4 shows
the burning velocity for propene—air mixtures as calcu-
lated from the Lewis and von Elbe’ method compared
with the ten-zone burned gas model. Figrue 4 shows that
the percentage difference increases with the simulta-
neous increase in pressure and temperature.

The response of a flame to stretch is highly dependent
on the Lewis number (Le), based on the deficient species.
For mixtures with a Lewis number less than unity
(highly diffusive reactants), increasing the stretch rate
increases the flame temperature and there is an increase
in the burning velocity according to Law.'> Wu and
Law'? investigated the effect of stretch on flames, and
they showed that the effects of stretch at low stretch
rates had minimal effects on the burning velocity results.
In the spherical expanding flames, as in the present

Multizone

Lewis & von Elbe

Su (cm/s)
o
©

2 3 4 5 6 7 8
Pressure (Bars)

4 Burning velocity as function of pressure and tempera-
ture as calculated from ten-zone model and Lewis and
von Elbe method® for stoichiometric, 293 K and 1 bar
initial conditions
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Table 1 Coefficients to be used in equation (14) for laminar burning velocity (m s~ ') of propene—-air mixtures

Initial experimental temperature, K S, o Su,1 Su,2 Sus Sua o fo o b1
1 293 0-3938 05370 —1-3897 —2:6339 3:8636 16599 —0-2279 00474  0-0505
2 425 0-3997 04306 —-1-5167 —09965 2-1797 1.6500 —0-1641 0-7613 —0-2465
3 293+425 0-3999 04468 —1-5999 —1-6558 3-0971 16646 —0-2419 1123 —0-0553

study, during the early stages of combustion the flame
front has higher values of flame stretch due to the large
curvature that is associated with a small spherical
surface. As combustion proceeds, the radius of curva-
ture increases and the flame stretch approaches zero
asymptotically, and the ideal case of a 1D flame front is
approached. In the present study, no corrections have
been made for strain'® since only data from large flames
(diameters greater than say 100 mm) have been used,
and as combustion proceeds both the flame curvature
decreases and the flame stretch falls to negligible values.
This is in complete contrast to constant pressure
spherical flame studies, which study the early growth
of flames before there is any significant pressure rise.
These flames by definition have small radii and high
flame speeds (greater than the laminar burning velocity),
and both factors give rise to high strain rates that cannot
be ignored. Empirical justification for this is the good
agreement of the current correlations with data from
ambient conditions.® The justification for ignoring the
effects of buoyancy, the electrodes, and heat transfer is
in Ref. 10. The range of equivalence ratio used is 0-8—
1-6, with 0-1 steps. Tests were undertaken with initial
temperatures of 293 K (25°C) and 425 K (152°C) and
initial pressures of 0-5, 1-0, 2-0 and 3-5 bar.

The set of data obtained was fitted (using a least
squares method) to the same form of correlation as used
previously,'® to show the dependency of the laminar
burning velocity on pressure, temperature and equiva-
lence ratio

Su= (14)
[Suo+Su(@=1)+Sua(p— 1P+ Sus@— 17 + Sualg—1)*|-[TP"]

where S0, Sui> Suz Suzs Sus %1, Bi, %, Bo are the
coefficients, and

T=T,/T, and P=P,/P,
=0+ (p—1)o; and f=p,+(p—1)p;

Experimental results

Burning velocity as function of temperature and
pressure

Two pressure-time experimental data sets with different
initial temperatures were obtained for the propene-air
mixtures. The first set of data was obtained for initial
conditions of 77=293 K, P;=0-5, 1, 2, 2-5 and 3-5 bar,
and for the range of equivalence ratio of 0-7 to 1-6 in the
steps of 0-1. Similarly, the second set of experimental

data set was obtained for the range of initial conditions
of T;=425 K, P;=0-5, 1, 2-5 and 3-5 bar, and equiva-
lence ratios of 0-7 to 1-6 in the steps of 0-1. The laminar
burning velocities were then determined from the above
two sets of experimental data using the multizone model.
Figure 5 shows a selection of plots of the laminar
burning velocity along the unburned gas temperature
isentropes, plotted against both temperature and pres-
sure obtained for the above two data sets; the solid lines
indicate the values obtained from the correlation.

The data were fitted with the correlation given in
equation (14). The correlation fit was performed in three
combinations:

(1) using the data obtained from the first set of
experiments (initial temperature of 293 K)

(ii) using the data obtained from the second set of
experiments (initial temperature of 425 K)

(iii) for the combined data sets.

As a result, three sets of coefficients are shown in
Table 1. In Table 1, first row shows the values of the
coefficients obtained for the data set with an initial
temperature of 293 K only (the 293 K correlation’), the
second row shows the values of the coefficients obtained
from the data sets with an initial temperature 425 K
only (the ‘425 K correlation’), and the third row shows
the values of the coefficients when the two data sets are
combined. Table 2 shows a summary of the range of
applicability for these coefficients. It can be seen from
the Fig. 5 that the overall fit of the correlation with the
experimental data is good and that the maximum
difference between the experimental data and the
correlation is found to be always less than 5% and
mostly much smaller. The maximum deviation of the
correlation fit and the experimental data are observed in
the later stages of combustion at elevated temperatures
and pressures. This could be due to the inclusion of
some cellular flame data as an indirect method for the
elimination of cellular data points was used; this is
discussed later.

Figure 6 shows a comparison of the burning velocities
obtained by using the three different coefficient sets
given is Table 1 with equation (14). The comparison is
made for the burning velocities obtained from the three
correlations at conditions of ¢ 293 K and 1 bar, and b
425 K and 1 bar. This is a severe test of the correlations,
since in Fig 6a the low temperature data (initial 293 K)
have been extrapolated up to 425 K, and in Fig 65 the
high temperature data (initial 425 K) have been extra-
polated down to 293 K. It can be seen in Fig 65 that the
values obtained from the three correlations give a good

Table 2 Range of validity for correlation coefficients in first, second and third rows of Table 1

Initial experimental temperature, K P, bar T, K Equivalence ratio Burning velocity, cm s !
1 293 0-5-135 295-500 0-7-1-5 >10
2 425 0-5-8:5 425-650 0-9-1-5 >20
3 293+425 0-5-135 295-650 0-9-1-5 >10

Journal of the Energy Institute ENI9332.3d

15/3/07 18:17:01
The Charlesworth Group, Wakefield +44(0)1924 369598 - Rev 7.51/W (Jan 20 2003)

Journal of the Energy Institute 2007 voL 80 NO 2



Saeed and Stone Laminar burning velocities of propene-air mixtures

Temperature (K)

350 400 450 500

100

Pi= 0.5 bar
Ti= 293.15 K

80

60

Su (cmis)

40

20

25 4.5

Pressure (bar)

Temperature (K)

350 400 450 500

140

Pi= 2.5 bar
Ti=425.15 K

120 -
100 -
80

®=0.9

60 - ©=0.8

40 -

Su (cm/s)

20 -

0 T T T r T T T

5 6 7
Pressure (bar)

10

Temperature (K)

350 400 450 500

50
45
40
35
30
25 |
20
15
10
5 4
0 . . . . .
3.5 55 7.5 9.5 115 135

Pressure (bar)

Pi=3.5 bars
Ti=293.15

[

M

0.8

Su (cm/s)

155

line indicates correlation fit using equation (1)

agreement. In Fig 6a it can be seen that the values
obtained from the three correlations give a good
agreement on the lean side but the ‘425 K’ and ‘all
data’ correlations give higher burning velocities than
those obtained from the 293 K’ correlation.

Burning velocity as function of equivalence ratio

Figure 7 shows a comparison of the laminar burning
speed of propene—air mixtures obtained in the present
study with that of the earlier reported data. A com-
parison is made with the data of Gibbs and Calcote® and
Giinther and Janisch'* (who used a Bunsen burner
technique), Gerstein ef al.® (who used flame propagation
in a tube), Davis and Law® (who used a counter flow
flame technique that is now well established), and
Jomaas et al* (who used a high pressure constant
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volume cylindrical test facility). It can be seen from
Fig 7 that the peak in burning velocity is obtained for
$=1-1, and that there is a good agreement in burning
velocity data obtained from the present study with the
data of Gerstein ez al.> and Davis and Law.’

The maximum burning velocity obtained from the
present study is 43-1 cm s~ ! at ¢=1-1. At the same
equivalence ratio, Gerstein et al.° and Davis and Law®
have reported the maximum burning velocity as 43-8
and 44 cm s~! respectively. The agreement with the
most recent data of Jomaas er al.* is good for weak and
stoichiometric mixtures, but less good for the rich
mixtures. For rich mixtures there is a difference of
~5cm s ! in the data between the counterflow flame
technique data of Davis and Law® and the most recent
data of Jomaas et al.* using the high pressure constant

The Charlesworth Group, Wakefield +44(0)1924 369598 - Rev 7.51/W (Jan 20 2003)
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chamber within a larger cylindrical vessel that provides a
buffer volume. Initially the flame will be spherical, and
although its cross-section will be circular it will not
remain spherical, and nor is the gas free to flow radially
in the central plane. The correction for the effects of
strain by Jomaas et al.* assumes the flame to be growing
spherically, so only flame growth until its diameter is
about half that of the inner chamber are used. Scatter in
the data at 2 and 5 atm makes a comparison with the
correlations reported here difficult. It is seen that for all
ranges of equivalence ratios the difference in the burning
velocity data is no more than 2 cm s~ '. However, this is
in substantial disagreement with the data of Gibbs and
Calcote® and Giinther and Janisch.'* The difference is as
large as 10-15 cm s~ ', which can be attributed to the
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errors associated with presence of high flame stretch, to
burner technique related errors such as the significant
changes in the velocity distribution beside the burner
rim, with divergence of the flow lines, flame area
measurement, entrainment of the air into the flame cone
base, and heat transfer to the burner tube.

Burning velocity as function of pressure

Figure 8 shows the dependence of the burning velocity
on the pressure at a fixed unburned gas temperature.
The experimental data points are at fixed equivalence
ratio of 0-9 and unburned temperatures of 320, 400, 450
and 550 K but varying pressures (a consequence of the
different initial pressures). For the experimental data
points of 320 and 400 K, the ‘293 K’ correlation is used
and for the data points of 450 and 550 K, the ‘425 K’
correlation is used. It can be seen that the burning
velocity decreases with increasing pressure and the
correlation gives a very good fit to the experimental
data points. However, there is some underestimation for
the range of 1-2 bar in Fig. 8a at the fixed unburned gas
temperature of 550 K. This may be because the
experimental data points for 550 K lie at the final stages
of combustion, which might be affected by heat transfer
to the wall from the flame front. For all other points the
correlation gives a very good agreement with the experi-
mental data points. Figure 8 uses data for the 0-9
equivalence ratio not stoichiometric, since cellularity
was found to trigger earlier with high pressure stoichio-
metric mixtures.

Burning velocity as function of temperature

The burning velocity is found to increase with increasing
temperature. Figure 9 shows the dependence of the
burning velocity on unburned gas temperature with
pressure as a fixed parameter. Figure 9a shows the varia-
tion of the burning velocity as a function of temperature
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for pressures of 3 and 5 bar, using data from experiments
with different initial pressures. The experimental data
points shown are for an equivalence ratio of 0-9 and an
initial temperature of 293 K; the line shows the values
obtained using the 293 K correlation. Similarly, Fig. 95
shows the variation of the burning velocity as a function
of temperature for fixed pressures of 2-5 and 5 bar. The
experimental data points shown are for an equivalence
ratio of 0-9 and initial fixed temperature of 425 K, and the
line shows the ‘425 K’ correlation fit. It can be seen from
Fig. 9a and b that there is a good agreement between the
experimental data points and the correlations.

Cellular flames

Investigators using the constant volume method for the
determination of the burning velocities have in the past
often assumed that the flame front is smooth, and there
is no cellularity or wrinkling of the flames. However,
theoretical and experimental studies, for example
Markstein,'” Joulin and Clavin,'® Zeldovich," Groff*
and Bradley ez al.*! observed that flames, particularly in
rich hydrocarbon mixtures at high pressures, are
conducive to the development of, first a ‘crack line’,
then a cellular flame structure. This flame instability is
attributed to both hydrodynamic and thermodiffusive
effects, and concerns a smooth, stable propagating flame
becoming unstable, and then creating at smaller wave-
lengths a stable structure comprised of different size cells
in dynamic equilibrium, which later become unstable. In
the present analysis, the flame front is assumed to be
smooth and spherical. However, the transformation of
the smooth flame front to that of the polyhedral-cellular
flames causes an increase in the surface area, and the
temperature, so the validity of the assumption of a
smooth flame is violated. The burning velocity is
observed to increase because of the increased surface
area of the flame front. Figure 10 shows how this leads
to a sudden increase in the burning velocity and a
departure from the value predicted by the correlation
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air mixture for initial condition of 293 K and 1 bar

(solid line). Cellularity was found to exist for some
propene—air mixtures and the vertical lines in Fig. 11
indicate its possible start. No discontinuity in the
burning velocity was found with a 0-5 bar initial
pressure and initial temperatures of 293 and 425 K for
any equivalence ratio. An appreciable rise in burning
velocity was observed along the isentrope for initial
conditions of 1, 2 and 3-5 bar, and initial temperatures
of both 293 and 425 K. The onset of cellularity is earlier
with an increase in initial pressure; the conditions for the
onset of cellularity are given in Table 3.

Conclusions

A multizone model has been used to study the
combustion of propene with air inside a closed vessel
so as to determine the laminar burning velocities at
varying equivalence ratios, temperatures and pressures.

1. The relationship between the fractional pressure
rise and the mass fraction burned is non-linear for
propene. The errors associated with the linear assump-
tion peak at 0-1-0-2 mass fraction burned for all the
equivalence ratios burned. The maximum error (~ 5%)
is found to be for stoichiometric mixtures.

2. The temperature gradient in the burned gas has an
effect on the end pressure for propene and if this is
ignored the error can be as large as 5%.

3. The multizone burning velocity technique has been
used for the determination of the laminar burning
velocities of propene—air mixtures at varying equivalence
ratios, temperatures and pressures.

Table 3 Temperature, pressure and time at onset of
cellular flames

T,K P,bar Phi t,ms Ts,K P bar
293 10 11 324 466 5-95
293 10 12 308 458 5-59
293 10 13 304 427 4-25
293 10 14 348 395 315
293 10 15 436 377 2-64
293 2.0 09 464 428 834
293 2:0 10 344 391 5-96
293 35 10 708 414 126
293 35 08 376 349 672
425 10 12 232 617 4-55
425 10 13 228 591 3-84
425 10 14 240 559 2.93
425 10 15 296 539 2-65
425 2:0 09 300 562 6-01
425 2.0 10 212 501 3-79
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4. The burning velocity for propene—air mixtures
compares well with the earlier reported data at ambient
conditions by Davis and Law.* The current data are the
only ones known for high temperatures and pressures.

5. Cellular flames were found to occur in some test
runs, and the conditions at the onset of cellularity have
been tabulated.

Appendix

Multizone model

For a constant volume encasing the rigid adiabatic
spherical close vessel a differential form of conservation
equation is given as
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m%—d—Q—O

de  dr (13
At any instant of time during combustion, the contents of
the closed vessel consist of the burned and the unburned
gases separated by the flame front of zero thickness. The
equation for the conservation of volume and internal
energy are given by the equations (16) and (17)

v=V /M =xv,(P,Tp)+ (1 —x)vy(P,Su,0) (16)

e=E/M =xen(P,Tv)+ (1 —x)en(P,Su.0) 17)

The above three equations are solved as a set of ordinary
differential equations for the rate of change of pressure,
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10

burned and unburned gas temperatures for a single
burned zone. These differential equations can be
extended to multiple burned gas zones for the multizone
analysis. For the multizone analysis with N zones, there
will be N+ 3 equations to be solved simultaneously. The
extension of the single burned gas zone to multiple zones
is as follows

dpP _ A+B,+XB;

dr  XC+D (18)

dr m(1—x)Cpy

vy Olnvy (A+ B, +XB;
Cpu OInT XCG+D

a7, —h(7% + %) (1-x")(T = T) N

(19)

dTy;

Vu 8lnvu Tbi 6lnTbi
(1—-x)
=_—(1—x . .
dr

T, 0InT, xvy; olnvy;

vy dlnyy  dlny, <A+BL.+ZBi)

Cpu 0InT, dInT, \ XCi+D

Ealnvu Ty OInTy, .hA(l —)CO'S)(Tu —Ty)
To 0InT xvy; Olnvy; mCpy

Tbi 61nTbi |: Vbi 6lnvbi Vu 6lnvu}

XVp; Olnvy; P dlnP ( _X)F olnP

A+ By+XB; Ty dnTy; dx
- —— (v —vy) — 20
( SCi+D ) (i =) @0)

ds
where, 2(B;))=B;+ B+ Bs+...+ B,

A1) (Tu;Tw)
u

XVpi Jln Vbi

vy dlnyy
~ Cpy0InT,

21

dx
ds

Vbi dx
Bi=( —voit+ ——Ivi | 2
< Vi + ComTo hb) T (23)

Bu = (Vu - hu) (22)
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R

N —

2 2
n Vi Olnvy; Vbi Olnwy;
e Fo (alnTbi) P anp @4
v (ol \? v, dlny,
b=(=9\& 7 (6lnTu) TS 25)
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