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Abstract

A novel multiple burned gas zone model has been used to determine the temperature distribution within the
burned gas and the relationship between the pressure rise and the mass fraction burned in a constant-volume
vessel. This computation allows for the variation in heat capacity of the constituents and solves the equilibrium
combustion equation for the 10 major species; 8, Hy, CO, CQ, H>0, O, H, NO, and OH. A constant-volume
spherical vessel has been used for measuring burning rates for liquid fuels at elevated initial temperatures and
pressures. A heating system and a mixing system were installed for measurements at elevated initial temperatures
and for preparing mixtures of liquid fuels. The testifiag has been used for generagineproducible data for both
gaseous and liquid fuels. Using the multizone moded, l&minar burning velocithas been found for mixtures
of methanol—air with initial tempetares of 293.15 and 425 K, initial presss of 0.5, 1.0, 2.0, and 3.5 bar, and
equivalence ratios of 0.8 to 1.6. The laminar burning velocities were fitted to a seven-term equation to describe the
effects of stoichiometry, pressure, and temperature. The burning velocities for methanol-air have been compared
with earlier measurements; the values obtained from the present study give very good agreement with the recently
reported data of Davis and Law for ambient pressure and temperature. Cellular flames were found to exist in some
test runs and the conditions of its onset are reported.

0 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction the velocity at which unburned gases move through
the combustion wave in the direction normal to the
wave surface. Laminar burning velocities are of great
significance, since they are used in many areas of
combustion science such as in designing burners and
predicting explosions. They play essential roles in de-
termining several important aspects of the combustion
process in spark ignition engines; among these are

One of the distinguishing features of laminar pre-
mixed flames is that they have a characteristic prop-
agation rate, commonly called the burning velocity.
The burning velocitysS,,, is more precisely defined as
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the wall quench layers (which are a primary source
of unburned hydrocarbons), and the minimum igni-
tion energy. It is found that a detailed knowledge of
laminar premixed flames will provide insights into
such properties as heat release rates, flammability
limits, propagation rates, quenching, and emissions
characteristics. Flame chemistry is commonly stud-
ied by performing computer simulations of laminar
one-dimensional flames by solving complex chemical
kinetic schemes. But the chemical kinetic data in such
models are not always sufficiently well known for the
predictions to be used with confidence. It is common
to use measured burning velocities to validate these
chemical kinetic schemes. The production of accurate
measurements on laminar premixed flames therefore
plays a key role in the process of understanding a
large range of flames. Although the majority of fuel is
probably burnt in turbulent combustion, data on lam-
inar burning velocities arstill needed as inputs to
many turbulent combustion models. Also, in internal
combustion engines the initial combustion is laminar,
so again there is a need for the laminar burning veloc-
ity.

There are several competing methods for determi-
nating a laminar burning velocity. These methods are
divided into two classes: stationary and nonstation-
ary flame methods. The two methods discussed next
(the counterflow-burner method and the constant-
volume method) are considered to be the most promi-
nent.

The counterflow-burner technique is principally
associated with Law’s group, who have studied a very
wide range of fuels. The method is convenient for
both liquid and gaseous fuels, with good control of
mixture composition. This technique is best suited to
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all the models used, that of Lewis and von E[ti¢

is the simplest and that of Metghalchi and Keek

is the most comprehensive with separate burned and
unburned zones. However, Stone et[8]. have re-
ported little variation between the two methods if
the theoretical peak pressure is calculated from the
STANJAN [4] package. A refinement of Metghalchi
and Keck’s two-zone approach has recently been pre-
sented[5], in which a thermal boundary layer has
been added. The details of its implementation are
not presented, nor are there any comparisons of re-
sults analyzed with and without heat transfer, so as to
give an indication as to how significant heat transfer
is.

Previous worl{6] has shown that heat transfer to
the walls is negligible, apart from the very final stages
of combustion, which accounts for the lower than ex-
pected final pressure. This is detectable from the rate
of pressure rise no longer increasing with time, lead-
ing to the rounding of the pressure record at maximum
pressure and a change in the slope of the burning ve-
locity when plotted against time; such data were not
used.

The combustion inside a spherical closed vessel
has been modeled here with a multizone model so as
to gain more insight into the combustion process. The
modeling has been with both an equal radial (EQR)
distribution of zones and an equal mass (EQM) distri-
bution of mass between the zones in the spherical ves-
sel. Hopkinsor{7] established that there is a temper-
ature gradient in the burnt gas, and this difference can
typically be 500 K at the end of combustion between
the first and the last burned gas. O’Donnovan and Ral-
lis [8] proposed its incorporation into the equation

pressures and temperatures close to ambient, and it g, calculating the burning velocity in a closed ves-

is necessary to correct for the effects on the burning
velocity of strain in the complex flow fields; this cor-
rection procedure is still the subject of debate.

The constant-volume bomb method uses a spher-
ical vessel with central ignition and relies on mea-
surements taken after the early stages of flame prop-
agation, during which there is a significant pressure
rise. The advantage of measuring the burning veloc-
ity using the closed vessel over other methods is that,
from a single test, burning velocities can be calcu-

lated over a wide range of temperatures and pressures.

However, two conditions must be fulfilled for the cor-
rect determination of the burning velocities from this
method. First, the pressure rise in the vessel due to
combustion must be recorded correctly and, secondly,
the equation used for determining burning velocities
should be valid throughout the range of the pressure
rise. Most burning velocity equations for a closed ves-
sel have been found to be valid only in the initial
stages of combustion (generally takena$.1p;). Of

sel. However, contradictory results have been found
when the temperature gradient is modg@ell 2]. Re-
sults of modeling also show the nonlinear dependence
of pressure on mass fraction burned. This leads to er-
rors in the calculation of the burning velocities using
Lewis and von Elbe’$l] method.

The laminar burning velocity is a function of not
only the fuel/oxidant ratio but also the temperature
and pressure of the system and the presence of any
diluents in the mixture. The main aim of this work
was to generate accurate experimental laminar burn-
ing velocities for widelyvarying conditions. Recent
tests in a spark ignition engine have shown some sur-
prising differences in the burn rates of liquid fuels,
with the early burn period (0—10% mass fraction burn)
of methanol being about half that of iso-octdd&].

Of these liquid fuels, there is a shortage of laminar
burning velocity data for methanol at elevated tem-
peratures and pressures.
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2. Modeling

Computational studies, which have modeled com-
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pressure than the initial pressure. At any instant of

time when the flame front is passing through titke

zone, the combustion of this zone takes place at a

bustion inside a closed constant-volume vessel, are temperature off,, ,_1 (> ;) and a constant pres-

those by Bradley and Mitchesd@] and Takeno and
lijima [14]. However, both aimed to predict the rate

sure P, ,—1 (> P;). The combustion within a given
zone takes place progressively. After the flame has

of pressure rise, as opposed to using the models consumed thath zone, it is then assumed to be adia-

for deducing the burning velocity from experimen-
tal pressure records. €hassumptions and a mathe-
matical derivation of the time-dependent first order

batic. Subsequent combustion further compresses the
burned gas and the unburned gas. As a result, tem-
perature and density gradients are established in the

ordinary differential equations for the pressure and burned gas region. In the BOMB program, since the
burned and unburned gas temperatures are presentedPurnt gas in each zone will be at a different tem-
here for the single-burned-gas-zone model, and the Perature, they each have a different composition. At
detailed derivation is discussed in Sag#8]; the fi- each temperature the composition of the burnt gases is
nal equations for the multizone analysis are also in Solved for equilibrium among the following species:
Appendix A The single-burned-zone model was ex- CO., CQ, H20, Hp, H, OH, O, Ny, NO, and Q.
tended to two burned zones and then to multiple These equilibrium calculations are solved by mini-
zones. To solve these equations, a BOMB program mizing the Gibbs energy, using a routine written by
was developed by the Oxford Engine Group. The Fergusor{lB]. The gases are_ assumed to behave as
mass in the spherical vessel can be divided into the Semiperfect gases, and the internal energy, entropy,
multiple zones in a number of ways. The two ways and spe_cmc hegt capacities are_(_:alculated from the
used here are equal mass zones (hereafter calledPClynomial functions for the specific heat capacity at
the equal mass (EQM) model) or equal radial zones different temperatures. As the specific hez_alt capacity
(hereafter called the equal radii (EQR) model); see Nas a ‘knee” between 900 and 2000 K, a single poly-
Fig. 1 nomial is never likely to be satlsfgctory. In_stead, two
In the multizone model, flame propagation is seen Polynomials can be used; they give identical values
as the consecutive consumption of unburned mixture of the specific h_eat, at the transition between the low
within the zones. Before ignition, the mass in the 'ange and the high range. The data used here are from
spherical vessel is divided into zones. At the time ~ C°rdon and McBrid¢l17], who used a transition tem-

when combustion has just begun in the bomb, the perature of 1000 K.

flame front will consume zone 1 first. As a result,

the temperature and hence pressure of zone 1 will in- 3, Model results

crease, thereby compressing the rest of the unburned

gas (considered as single entity) and increasing the ~ The BOMB program was run to model flame prop-
pressure inside the vessel to a higher value. After the agation inside the spherical combustion vessel; mix-
consumption of the first zone, combustion of the sec- tures of methane—air have been considered for com-
ond and subsequent zones will take place at a higher parison with other work. A parametric study of the

(b) Zone 1 burning

(a) Zone 2 burning

Fig. 1. Radial distribution of the multiple zones inside a sfa vessel. (a) Five zones equal mass model (EQM); (b) five zones
equal radius model (EQR). Hatched portion indicates the position of the flame front at an instant of time.
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Fig. 2. Final variation of temperature with the zones in the Esﬂ,
equal radius (EQR) model with initial conditions of 1 bar é 0]
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final radial temperature distribution across the ves- 1o
sel at the end of combustion, for different numbers of 0 : : .
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zones and numbers of steps in each zone, was made. 0
The influence of the burned gas temperature gradient

On pressure, errors in the mass fraction, and buming Fig. 3. Particle path across the spherical vessel for the 10-

velocity at the initial eIevatgd temperatgre and pres- zone equal radii model (EQR) for a stoichiometric methane—
sure and the effects of equivalence ratio on pressure i mixture, with initial conditions of 1 bar and 298.15 K.

and temperature were studied.
When combustion ends in a spherical vessel, the

radial temperature distributions for the EQR model tion inside the bomb, showing how the radius of each

are as shown ifrig. 2 This shows that with an in- ;516 \aries during the propagation of the flame front.
crease in the number of zones, the shape of the tem- g the flame front travels through the combustion
perature profile becomes the same. As expected, a yomp each zone burns in succession. It can be seen
large number of zones will give the most accurate pre-  from Fig. 3that as the flame front travels through each
diction. However, only very slight differences were  ;4nq an increase in the radius of that zone takes place.
found in the burned temperature distribution profile s is due to the expansion of the products of com-
when the number of zones was increased from 20 10 pystion immediately behind the flame front. When the
50 and the number of steps was increased from 200 fiame front has passed the zone (which is indicated by
to 1000. Therefore, a finite number of zones can give e maximum radius of a particular zone), recompres-
a sufficiently accurate analysis of the phenomenon. gjgn of the zones takes place due to the expansion of
Also, with a large number of zones, mass diffusion  the next zone. Due to the recompression, a decrease
and heat transfer between the zones might need 10 i the radii and hence the volume of the burned zones
be considered. To obtain Suﬁiciently accurate results takes p|ace. This results in an increase in the temper-
and to reduce the run time of the simulation, it was ature of the burned gas zones, which establishes the
decided to use 10 zones and 200 steps for all the in- radial burned gas temperature gradient. As the first
vestigations reported here. burned zone is hotter than the outer zones it can be
In Fig. 2 a comparison of a 20-zone model with  seen that Zone 1 finishes with a larger radius.
a 2-zone model for the final temperature distribution Fig. 4 shows the variation of the pressure with the
shows a difference of nearly 90 K in the first burned  mass fraction burned. A comparison of this variation
zones and a difference of 110 K in the last burned with that of the linear Lewis and von Elfj&] expres-
zones. The end pressure obtained in the present studysion is also shown. It can be seen from the figure that
for methane/air mixtures is about 1.5% lower than the pressure variation with the mass fraction obtained

Mass Fraction Burned

Fig. 3gives a greater physical insight into combus-

that obtained by Bradley and Mitches®} or Takeno
and lijima[14]; seeTable 1 This could be due to the
errors associated with the approximations that they
made for the heat capacities of the gases. However,
the EQM zone and EQR zone models have been vali-
dated here with the temperatures predicted by STAN-
JAN [4].

in this study is nonlinear. Takeno and lijiffi4] also

had a linear variation of the mass fraction burned to
the pressure rise. However, from the present study it
can be seen that throughout the process there is an
overestimation of the pressure if a linear relationship
is used, and the error is worst during the central part
of combustionFig. 5shows the percentage of error in
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Fig. 4. Variation of the pressure with the mass fraction
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ditions of 1 bar, 298.15 K, forteichiometric methane—air
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pressure with the varying mass fraction burned. It can
be seen that the maximum error is for stoichiometric
combustion. InFig. 2, it was seen that a burned gas
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nition electrodes and it can withstand a pressure of
34 bar. The combustion vessel is placed inside an
oven, made from Sindanyo; it is fitted with a fan, tem-
perature controller, and air baffle plate. The heating
system is employed to achieve two purposes: testing
of the mixture at elevated initial temperatures and va-
porization of liquid fuels at high pressures. An initial
temperature of 150C inside the test vessel can be
achieved and maintained using the heating system. Ig-
nition is by a standard Lucasductive ignition system
consisting of 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 of1 mJ[6], 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. For liquid
fuel-air mixture preparation, a calibrated amount of
liquid fuel is injected into a stainless steel chamber.
Before the injection of liquid fuel, the stainless steel
chamber, combustion vessel, heat exchanger, and pip-
ing are heated to a temperature above the saturation
temperature of the liquid fuel. A high-temperature cir-
culation pump is connected in series with the injection
chamber, combustion vessel, and heat exchanger; this
ensures homogeneous mixture preparation inside the
vessel. Five minutes are allowed for the mixture to be-
come homogeneous and then a further 5 min for it to
become quiescent. This is consistent with the earlier
studies[2,6], as longer times make no difference to
the burning velocity.

The methanol was injected through a calibrated
solenoid injector, and there were then two indepen-
dent checks on the air—fuel ratio (AFR). The pres-
sure and temperature in the vessel were measured be-
fore and after addition of the fuel (allowing at least
5 min after injection of the fuel for equilibrium to be
attained). The pressure was measured with a piezo-
resistive pressure transducer that had been calibrated

temperature gradient exists in a spherical vessel, a fact against a mercury manometer, and the accuracy of de-

established by HopkinsdiT] in 1906. In the present
analysis, a temperature difference of more than 450 K
is found at the end of combustion for a stoichiometric
methane—air mixture. Also, a considerable tempera-
ture difference between the predictions made by a
single-zone model and those made by multiple-zone
models is found.

4. Experimental apparatus

Fig. 6 shows the apparatus used. It consists of the
following: combustion vessel and heating system, ig-
nition circuit, gaseous and liquid fuel handling sys-

termining the AFR with this method was considered
to be better than 1%. After combustion a Lambda sen-
sor was used to check the AFR. On average the AFR
was within 0.5% of the target AFR, and (within the
three-significant-figure resolution of the Lambda sen-
sor) there was no difference between the AFR mea-
sured by the Lambda sensor and the value deduced
from the partial pressure.

A Kistler 701A quartz pressure transducer was
used with a Kistler 5001 charge amplifier for the mea-
surement of the dynamic pressure. A high-speed data
acquisition system based on a Pentium Ill PC with
a National Instrument’s Data acquisition (DAQ) card
is set to record the pressure and ignition signal for

tem, and data acquisition system. The spherical test the subsequent analysis. The DAQ system consists of

vessel (160 mm diameter) is provided with central ig-

a PCI-MIO-16E1 card, which provides 12 bits ana-
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Fig. 6. Schematic representation of the experimental facility.

logue to digital conversion, a BNC-2090 rack mount,
and the LABVIEW programming language for cod-
ing the data acquisition “front panel.” The data sam-
pling rate was set at 25 kHz and the dynamic pressure
measurement is triggered by the voltage history of
the primary circuit of the ignition coil. The fuel in-
jector was calibrated so as to determine the injection
period for which the injector had to be opened for in-
jecting the desired quantity of liquid fuel. The system
arrangement and method of calibration is explained
in [15].

Previous worl{6] has shown that when the burn-
ing velocities are above 20 ¢f® (as is the case here),
the effect of buoyancy is less than 0.5% on the ob-
served burning velocity. However, it is worth noting
that, had we used our free-fall facility, in the compar-
atively few cases for which there was no cellularity,
data over a slightly wider pressure range could have
been analyze{b]. In the current tests the optical ac-
cess was not used, but earlier td4t8] in which the
windows were replaced with concave-faced blanks to

preserve the spherical surface showed no difference 0.9
on the combustion process. The disturbance caused 1
by the electrodes is another possible concern. These 1.1

cannot be eliminated, but earlier tekin which two
additional dummy electrodes were added showed no
affect on the pressure history.

5. Burning velocity calculation

The use of the multizone model for the determi-
nation of the laminar burning velocity is explained in
Appendix A A 10-zone equal mass model was se-
lected, where the burned gas is divided into zones of
equal mass. To determine the burning velocities and
other properties of the fuel-air mixtures, a program
(BURNVEL) takes the output files of the BOMB pro-
gram and the data files from the experimeiieble 2
shows a comparison of the maximum pressure for the
10 equal mass zones BOMB program files with that of
the single zone STANJAIM] program. It can be seen

Table 2
Comparison of maximum pressures from the BOMB and
STANJAN program

¢ Pmax(BOMB)  Pmax (STANJAN) Difference (%)
0.7 750 7.555 Q76
0.8 803 8089 Q70
848 853 051
8.82 885 032
8.99 902 037
12 903 907 045
3 9.02 901 —0.03
14 897 894 —0.30
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Fig. 7. Burning velocity(S,) as a function of pressure and
temperature, as calculated from the 10-zone model and the
Lewis and von Elbe method] for the combustion of a sto-
ichiometric methanol-air mixture at 325 K and 1 bar initial
conditions.

that the difference in the maximum pressure is mostly
less than 0.5%, which is negligible. Systematic exper-
imental measurements of the laminar burning velocity
of methanol—-air mixtures have been made for vary-
ing equivalence ratio (0.8-1.5, with 0.1 steps), initial
temperature (either 293.15 or 425 K), and pressure
(0.5, 1.0, 2.0, and 3.5 bar). However, with the bomb
method, data are produced for much higher tempera-
ture and pressures.

6. Errorsassociated with theuse of asingle
burned gas model

Stone et al[3] reported that if the end pressure
is calculated by means of the STANJA#] program
then the Lewis and Von Elg&] method and the more
rigorous single zone burned gas model of Metghalchi
and Keck[2] gave very similar results. However, as
shown inFig. 7, in the present study it was found that
the Lewis and von Elb§l] method underpredicts the
pressure by up to about 6%, and the error is a maxi-
mum for stoichiometric conditiongzig. 8 shows the
difference in the burning velocity calculated from the
Lewis and von Elbg1] method and that from the
present 10-zone EQM models as a function of simul-
taneous rise of pressure and temperature for a typical
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Fig. 8. Percentage difference in the burning velocity as cal-
culated from the 10-zone model and Lewis and von Elbe
method [1] for a stoichiometric methanol-air mixture at
325 K and 1 bar initial conditions.

be ignored; a fuller justification for this is provided by
Stone et al[3].

The laminar burning velocity data are obtained
from many experiments and fitted with the same form
of correlation as that used by Stone et[3].to show
the dependency of the laminar burning velocity on
pressure, temperature, and equivalence ratio:

Su= [Su,O + Su1(9 — D+ Sy, 2(¢p — 1)2
+ 8436 — D3+ Sy a(p — DT PP (1)
wheresSy, 0, Sy, 1, Su,2, Su,3, Su,4, &1, 1, @0, andBo

are the coefficients,

T=T,/Ty, P = Py/Py,
and B=pp+ (¢ —1p1.

A least squares methd@8] has been used for fitting
the correlation to the experimental data.

a=ag+ (¢ —Day,

7. Experimental results

Methanol has been studied since there is a short-
age of laminar burning velocity data for methanol
at elevated temperatures and pressures. In particular,
the previous data available for methanol at elevated
temperatures and pressures did not appear to take

test run. The percentage difference increases with the into consideration the formation of cellular flames,

simultaneous increase of pressure and temperature.
During the initial stages of combustion, the flame
front has high values of flame stretch due to the large
curvature that is associated with a small spherical sur-
face. However, in a spherical vessel the radius of cur-

thereby making the reported correlation susceptible to
large errors.

7.1. Burning velocity as a function of temperature
and pressure

vature increases and the flame stretch approaches zero

asymptotically, and the ideal case for a plane flame
front is approached. Since there is negligible pres-
sure rise associated with the initial flame propagation,

Fig. 9 shows the values for the laminar burning
velocity along the unburned gas isentropes plotted
against both temperature and pressure for the different

these data are not used, and flame stretch effects canequivalence ratios and specified initial temperature
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Fig. 9. The methanol/air burning velocity as a function of pressure and temperature, for different initial temperatures, pressures,
and equivalence ratios, showing a comparisawben the experimental data and the correlation.

Table 3

Values of the coefficients obtained using the correlation in(Eg.

Su,1 Su,2 Su,3 Su,4 ag B1 Su,0 <) Bo
0.5894 —2.2727 —2.0137 69062 —1.317 01499 04614 13209 —0.1807

and pressures. Solid lines indicate the values obtained correlation from the experimental data points is at the
from the correlationTable 3gives the final values of later stages of combustion. This may be due to the
the coefficients obtained arible 4gives the range presence of asymmetry in the flame front (and hence
of application of the correlation. It was found that the quenching of some parts of the flame front at the ves-
correlation gave a very good fit for most of the data. sel wall earlier than other parts) or the inclusion of a
Fig. 9 shows that the correlation gives a good fit to few data points from cellular flames. An attempt was
the experimental data. The maximum deviation of the made to use a second order correlation (as proposed
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Table 4

Range of validity for the correlation coefficientsTable 3
Initial Temp P T ¢ Su

(K) (bar) (K) (cmy/s)
325-425 0.5-13.5 295-650 0.7-1.5>10

by Metghalchi and Keckl1]) to fit the current exper-
imental data, but the residual error was found to be
very large.

Fig. 9 also shows that data from the early flame
growth was not used—the data selected are indicated
by the range over which the correlation has been eval-
uated. Typically, the only data analyzed are those after
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Fig. 10. Comparison of the methanol/air burning velocity

the pressure has risen by about 50%, so as to be able(s,) at 298 K and 1 bar with earlier reported data.

to ignore the effects of stretch. The density ratio be-

tween the burned and the unburned gases is such thatgiscussed above. The maximum burning velocity ob-

even this small pressure rise will be associated with a
flame radius of above 5 cm and a strain rate of about
0.01 s'1 which will introduce an error of the order
of 1% in the burning velocity. Previous work at Ox-
ford has considered this issue in more def@jl As

tained from the present study is 49.6 t3wat¢ = 1.10
and at the same equivalence ratio Davis and [E8¥
reported a burning velocity of 50 ¢fs. It can be seen
from Fig. 9that the data reported by Metghalchi and
Keck[11] give good agreement with the present data

the flame develops, its radius increases and the flame at equivalence ratios of 0.8 and 0.9. However, their
speed reduces, so that the effects of strain reduce fur- stydy gives lower burning velocities for equivalence

ther. The nature of the data fitting, which employs
data from a range of pressures in each run and from
runs with different initial temperatures and pressures,
will further reduce the effect of burning velocity mea-
surements influenced by stretch.

7.2. Burning velocity as a function of the
equivalence ratio

Fig. 10shows the comparison of the burning ve-
locities for methanol—air mixture at 298 K and 1 bar
obtained from the present work with those of the
most recently reported data of Davis and LEW],
who used a counterflow twin-flame technique. Also
shown for comparison are the earlier data of Gulder
[20] and Metghalchi and Keckl1] (both of whom

ratios richer than 0.9. GildgR0] reported a maxi-
mum burning velocity of 49.2 cyfs at¢ = 1.1. This

is in agreement with the data obtained in the present
study and with the work of Davis and L&gd9]. How-
ever, Gulder{20] reported higher burning velocities
on the lean side and lower on the rich side, compared
with the present work and that of Davis and LEM].
Metghalchi and Keck11] and Guldef20] both used

a closed spherical vessel for their burning velocity
measurements, but neither of these studies indicated
the formation of cellular flames inside the vessel. The
higher burning velocities reported by Guld20] may

be due to the use of data having cellular flames and
the large errors associated with the use of an exponen-
tial form of correlation for fitting the data; it appears
that the coefficients for the exponential term vary er-

used the constant-volume spherical vessel technique) ratically with equivalence ratio. The data reported by

and Gibbs and Calcof21] (who used a burner tech-
nique). The large deviation between the Metghalchi
and Keck[11] correlation and the experimental data
in Fig. 10may be due to the errors associated with the
method applied by Metghalchi and Kefkl] for the
determination of the burning velocity and the inclu-
sion of cellular flame data pointEig. 10shows that
the burning velocities obtained from the present study
show very good agreement with the data of Davis and
Law[19]. For all equivalence ratios, the differences in
burning velocities obtained in the present study and
in the data of Davis and Lad9] are very low and
the greatest difference is around 8%at 0.9. This

Metghalchi and Keck11] for methanol—air mixtures
also indicate the formation of cellular flames, but their
correlation includes these data and has errors associ-
ated with using a single-burned-zone model. Gibbs
and Calcote’q21] data are in substantial disagree-
ment with the present study; this is likely to be due
to the errors associated with no stretch compensation
and to experimental errors such as the correct mea-
surement of the flame area and a large heat loss to the
burner wall (thereby reducing the flame velocity at the
walls).

The errors associated with deducing the AFR have
been quantified as below 0.5%. The errors associated

may be attributed to the presence of errors associated with recording the pressure data are easy to quan-

with strain corrections in the twin flame technique as

tify, but the errors associated with pressure analysis
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Fig. 11. Burning velocity(S,) as a function of equivalence
ratio for varying initial pressures of 0.5, 1, and 3.0 bar and
fixedtemperatures of (i) 298 K and (ii) 425 K.

0.6

are much more difficult to quantify. The piezo-electric
transducer and its amplifier were calibrated regularly
over different pressure ranges with a dead-weight
tester. The long-term regatability of thecalibration
was better than 1% for the three pressure ranges used.
A sensitivity study showed that a 1% error in the
pressure transducer calibration would lead to a 0.25%
error in the burning velocity. Furthermore, the least
squares fitting of the analytical function to describe
the burning velocity will have the effect of reducing
the significance of errors on the individual measure-
ments, albeit in a way that is very difficult to quantify.
However, the quality of the correlation fit to the exper-
imental datafig. 9 and the close agreement with the
data of Davis and Lay19] (Fig. 10, which is mostly
within 1 cny/s, both provide reassurance about the ac-
curacy of the correlation.

7.3. Burning velocity as a function of pressure

Fig. 11shows the variation of burning velocity as
a function of equivalence ratio and pressatetwo
fixed temperaturedt can be seen fronkig. 11 that
the burning velocity decreases with the increase in
pressure. The values of the burning velocities at a
fixed unburned gas temperature but varying pressure
are obtained directly from the BURNVEL program.
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Fig. 12. Effect of the pressure on the burning velogisy).
Solid lines indicate the correlation fit. (i) Equivalence ratio

of 0.9 and an initial temperature of 323.15 K; (ii) equiva-
lence ratio of 0.8 and an initial temperature of 425 K.

10

Fig. 12shows the variation of the burning velocity as
a function of pressure for the different temperatures
and equivalence ratios. It can be seen frbig. 12
that the burning velocity decreases with an increase in
pressure. The fourth order correlation fitted to the ex-
perimental data gives a very good fit for the different
fixed unburned gas temperature data. The Metghalchi
and Keck[11] second order correlation has also been
plotted for comparisorfig. 12shows that for a fixed
unburned gas temperature of 350 K, the Metghalchi
and Keck[11] correlation gives higher burning ve-
locities than the correlation from the present study.
However, for higher fixed unburned gas temperature
conditions, it overpredicts the burning velocity. This
may be attributed to their inadvertent use of data from
cellular flames. Comparisons could not be made with
the correlations of Ryan and Ledt¥0] and Gulder
[20] as they provided values of the coefficients only
for stoichiometric mixtures. In the present study, a
comparison for stoichiometric conditions is not possi-
ble because, at higher presswonditions, cellularity
was found to trigger at a very early stage.

7.4. Burning velocity as a function of temperature
Fig. 13shows the variation of the burning veloc-

ities as a function of unburned gas temperature with
fixed pressureFig. 13 (from test runs having differ-
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Fig. 13. Effect of the temperature on the burning velocity at
a pressure of 5 bar. (i) Equivalence ratio of 0.9; (ii) equiv-

alence ratio of 0.8; from test runs having different initial
temperatures and pressures.

300 350 650

ent initial temperatures and pressujdsas an equiv-
alence ratio of 0.9 and a fixed pressure of 5 bar. Sim-
ilarly, Fig. 13i is for an equivalence ratio 0.8 and a
fixed pressure of 5 bar. It can be seen frieig. 13that

at a fixed pressure the burning velocities for methanol
increase with temperature. The fourth order correla-
tion gives a good fit to the experimental data for both
equivalence ratios, but the burning velocities given
by the Metghalchi and Kecld 1] correlation increase
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Fig. 14. Comparison of the burning velocities of stoichio-
metric methanol—air mixtures as a function of unburned gas
temperature, as correlated by Ryan and L§$®], Met-
ghalchi and Keck11], and in this study at 6 bar.

found to exist for methanol-air flames. When cellu-
larity triggers, the increase in the surface area leads
to a sudden increase in the burning velocity and any
inclusion of these data points would lead to higher
burning velocity predictions. Metghalchi and Keck
[11] did not mention the cellular flames in their study
and their higher burning velocities could be attributed
to the inclusion of the cellular flame data. Burning
velocities derived from Metghalchi and Kefkl] are
found to increase at a much faster rate for the initial
temperature of 425 K than for 323 K. Ryan and Lestz
[10] also measured the burning velocities in spheri-
cal vesselsFig. 14 gives a comparison of the values
obtained from the correlations from the present study,
Metghalchi and KecK11], and Ryan and LestA0]
for a stoichiometric mixture at 6 bar.

It can be seen fronfrig. 15that the burning ve-
locities from Ryan and Lestpl0] give lower burn-
ing velocities than the present study at temperatures
lower than 520 K. The reason for this could be due

considerably faster than was observed in the present tg the inclusion of cellular flame data, the methodol-

study.

ogy used in the determination of burning velocities, or

In the spherical vessel, the unburned gas temper- the sensitivity of the exponential correlation to tem-
ature and pressure are coupled, but the temperature perature Fig. 15shows the onset of cellularity in test

effect dominates over the pressure effect for most fu-
els, and this leads to the increase in burning veloci-

runs with initial conditions of 1 bar, 323 K, and dif-
ferent equivalence ratios; vertical lines indicate the

ties with the simultaneous increase in temperature and onset of cellularity. It can be seen from the figures

pressure.
7.5. Cellular flames

Investigators such as Guldg@0], Metghalchi and
Keck [11], and Ryan and Lest10] who used the
constant-volume method for the determination of the
burning velocities have assumed that the flame front is
smooth, with no cellularity or wrinkling of the flames.
However, cellular flames can be formed under certain
conditions, and in the present study cellularity was

that the cellularity leads to an increase in the values
of the burning velocities. This is due to the trans-
formation of the smooth spherical flame front to the
polyhedral flame structures which increase the sur-
face area of the flame front, thereby invalidating the
smooth flame assumption. No cellular flames were
found to exist with initial conditions of 0.5 bar, at
either 323 or 425 K for any range of fuel-air equiva-
lence ratios. However, cellularity was found to occur
in test runs with initial conditions of 1, 2, 3, or 3.5 bar
and initial temperatures of 323 and 425 Kable 5
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Fig. 15. Formation of cellular flames in the spherical vesselnfethanol-air mixtures with initial conditions of 323 K and 1 bar.

shows the critical time, pressure, and equivalence ra- (2) A temperature difference exists between the first

tios at which cellularity was found to trigger for the
methanol—air mixtures. In the present study, cellular
flame data points were excluded from the burning ve-

locity correlation.

8. Conclusions

A novel multizone model has been used to study
the combustion process inside a closed vessel. Find-

ings include the following.

(1) A 10-zone model with 200 steps gives suffi-
ciently accurate results to describe combustion

inside a spherical vessel.

(©)

4)

®)

and the last burned gas zones. For methane/air
fuel mixtures this difference is as large as 500 K.
The relationship between the pressure rise and
the mass fraction burned is nonlinear. The er-
rors associated with the linear assumption peak
at 0.1-0.2 mass fraction burned for all the equiv-
alence ratios tested. The maximum error was
found to be for stoichiometric mixtures.

The burned gas temperature profile has an effect
on the end pressure for methane and the error
when ignoring it can be as large as 5%.

The multizone burning velocity technique has
been successfully used for the determination of
the laminar burning velocities of methanol-air
mixtures at varying equivalence ratios, temper-
atures, and pressures.
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Table 5
Temperature, pressure, and time for the formation of cellular

flames

T; (K) P;(bars) ¢ te (ms) T, (K) P, (bars)
323 10 10 344 5081 5.89
323 10 11 312 4886 509
323 10 12 308 4803 4.80
323 10 13 340 4837 498
323 10 14 420 4878 523
323 10 15 512 4959 560
323 20 085 428 4351 6.21
323 20 0.9 364 4322 610
323 20 10 288 4116 507
323 35 0.8 600 4252 995
323 35 0.9 24.4 3604 529
425 10 15 284 6022 451
425 20 0.8 564 6093 846
425 20 0.9 28 5380 512
425 30 0.8 416 5212 6.70
425 30 0.9 232 4836 500

(6) The burning velocity for methanol-air mixture
has been compared with the earlier reported data
of Davis and Law[19], Gulder[20], Metghalchi
and Keck[11], and Gibbs and Calcof{@1]. The
values obtained from the present study give very
good agreement with the recently reported data
of Davis and Law[19]. Comparisons with the
correlation proposed by Metghalchi and Keck
[11] for the varying pressure and temperature
show that Metghalchi and Keck overpredict the
burning velocities for a range of varying pressure
and temperatures.

Cellular flames have been found to exist in the
test runs reported here, aidble 5summarizes
the conditions at their formation with regard to
the initial unburned gas temperature, initial pres-
sure, equivalence ratio, and the time, pressure,
and temperature at its onset.

@)

Appendix A. Multizone model

Specific heat
Specific internal energy
Internal energy
Specific enthalpy
Mass

Pressure

Entropy

" Burning velocity
Temperature
Specific volume
Volume

Mass fraction burned

Cp

S o

o2 N aus

K. Saeed, C.R. Stone / Combustion and Flame 139 (2004) 152-166

Subscripts
b Burned
0,i Initial condition

Unburned condition
Wall

g <

The burning velocity calculations are based on us-
ing a spherical closed vessel filled with homogeneous
combustible mixture. At time = 0, the mixture is
ignited at the center; a spherical flame front is estab-
lished instantaneously and begins to propagate out-
wardly to reach the wall. The following assumptions
are used in the analysis of the behavior of the system
during this interval.

(i) Prior to the onset of ignition, the unburned gas
isinitially at rest and the gas has a uniform tem-
perature and composition.

(ii) The thickness of the reaction zone is negligible,
and the flame front is smooth and spherical.

(iii) The burnt gas fractionx is at local thermody-
namic and chemical equilibrium.

(iv) The unburned gas fractio(l — x) is at local

equilibrium but with fixed (original) chemical

composition.

The pressure within the combustion vessel is a

function of time only and is independent of the

flame front.

(vi) The compression path of both the unburned and

the burned gas is adiabatic and reversible.
(vii) The gas behaves as a semiperfect gas.
(viii) The effects of body forces and of radiative en-
ergy transfer can be neglected.

(ix) There is no heat transfer between the burned

and the unburned gases.

v)

With these assumptions, the burning velocity equation
is derived using the multizone model in the following
way.

Consider an elemental shell of thickness at ra-
diusr;. If, during the travel of the flame through the
vessel, the burned gas had not expanded, then an ele-
mentdr; would be the thickness of a shell at the tem-
perature7; and pressuré’; about to be traversed by
the wave in the time elemedt, as shown irFig. 16a.

Its volume would have been:

4rr?dr;. (A.1)

However, by expansion, the radius of the shell in-
creased from; to rp, the pressure increased®o and
the temperature of the shell increaseditp There-
fore, its volume is actually

471}”1»2 dr,( )

TuPi
;P

(A.2)
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Fig. 16. Position of the elemental shell (a) before burning and (b) after burning.

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

4rr2Sy dt. (A.3)

By equating Eqs(A.2) and (A.3)one obtains the
equation for the burning velocity as
dr; ri Tu P;

= ()2 (37)

However, the unburned gas is assumed to be under-
going isentropic compression, so the unburned gas
temperature can be calculated by

(A.4)

e P Yu=1)/vu
u— 4 Pl .

Substituting Eq(A.5) into Eq. (A.4) gives the equa-
tion for burning velocity as
dri\(ri\"(F

()G ()

This is the equation derived by Lewis and von Elbe
[1], who also assumed that the fractional pressure rise
was proportional to the mass fraction burned. How-
ever, Lewis and von Elbe do not include the tempera-
ture gradient established in the burned gas region and
the changes in the burned gas properties and com-
positions due to it. The above assumptions can be
avoided by using a mathematical derivation of the
time-dependent first order ordinary differential equa-
tions for the pressure and burned and unburned gas
temperatures. The derivation is done by first divid-
ing the mixture into single burned and unburned zones
separated by a flame front of zero thickness. The sin-
gle burned zone is then extended to multiple zones,
which enables the incorporation of the burned gas
temperature gradient in the model. For a constant-
volume vessel a differential form of the energy con-
servation equation is given as

de dQ _

m
dt  dt

(A.5)

Fi (A.6)

(A7)

At any instant 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 equations for the conservation of volume and in-
ternal energy are given by Eq#.8) and (A.9)

\4
27 =P Tp) + A =x)vu (P, Sy,0),
E

2 = rer (P Tp) + (1 —x)eu (P. Sy 0).

(A.8)

e =

(A.9)

Based on the work of Fergus¢b6], the above three
equations are solved as a set of the ordinary differ-
ential equations for the rate of change of pressure
and burned and unburned gas temperatures for a sin-
gle burned zone. These differential equations are then
extended to the multiple burned gas zones for the
multizone analysis. The differential equations for the
pressure and unburned and burned gas temperatures
are given by the equations

dpP B
—_— =, (A.10)
dt C+D
dﬂ: v, dlnvy B ’ (A11)
dt Cpu dINT \C+D
and
dTy, vy dlnv, Tp 3InTy,
e 1 b
dt T, 0InT, xvp dlnyy
v, dlnvy dlnvy, B
x 1
Cpu 9INT, 9INT, \C+ D
Tp 9InTy [ vy ANy
A =2
xvp dlnu, \ P alnP
vy dlnvy B
1—x)2
LR 8InP>(C+D)
Tp 9InTy dx
-— — ) —, A.12
xvp alnvb(vb vu)dt ( )
where
vp dx
B= — hy —hy) ) —, (A.13
((Uu Ub)+Cp,th( b u)) 5 A13)
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2 2
v al al

:x< b ( nvb) b n”b), (A.14)
CppTp \0INT, P dlnpP

and

D:(l_x)< V2 <8|nvu)2+v_ualnvu).

CpuTu \0InT, P dlnpP
(A.15)

For the multizone analysis, the above equations are
extended taV zones. NowN + 3 equations need to
be solved simultaneously. The extension of the single
burned gas zone to riple zones is done as

— = , A.16
dt > Ci+D ( )
dﬂ _ vy dlnvy, [ By —I—ZB,‘ ’ (A17)
dt  Cpy dINT \ 3 C;+D
and

dTp; vy dlnvy, Tp; 9INTy;

et/ R

dt Ty 9InTy, xvp; dINnwp;

vy dlnvy dlnvy,

y Bu+ZBi
Cpu dInT, 3InT,

>Ci+D

(3e55)

Tpi 0InTy; [ vp; Ny,
_ Ui
xvp; dINnvp; P dlnP
aln B B;
b1l dinu) (Bt 2 B
PalnPJ\YCi+D
Ty; 0InTy,; dx
- P (opi — vu) ==, (A.18)
xvp; dINnvp; dt
where) (B;) = By + Bo + B3+ -+ + By,
dx
By = (vu = hu) =, A.19
u = (Vy u) i ( )
B n Yoi dx (A.20)
i =\ ~VUbi 2 B .
l bl Cp i Tpi b ) ar
2
Ci—x Vpi dInwvp; 2+ ﬁalnvhi
! CppiTpi \9InTp; P alnpP )
(A.21)
and
D:(l_x)< v2 <8Invu)2 v_ualnvu)'
CpuTu \3INT, P NP
(A.22)

Burned gas volume and radius are calculated from the
following equations:

vp =V —m;(n—L1)(RuT,/P) (A.23)
and
rp=R(V —mi(n — 1) (RuT,/P)). (A.24)

The burning velocity in the present method is then
calculated by utilizing this multizone model. This is
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done by modifying Eq(A.6) to

)

In Eq. (A.25) the first term on the right hand side,
dp/dt, is calculated from the experimental data file.
The second termdr;/dp, is calculated from the
BOMB program.

Sincer; andr, are both functions of pressure,

u =

(A.25)

ri=f(p), (A.26)
r, = f(p), (A.27)
ri 3
= (E) , (A.28)
and
ri = JxR. (A.29)
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