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technique is investigated experimentally and theoretically. The cylindrical chamber boundary modifies the
propagation rate through the interaction of the wall with the flow induced by thermal expansion across
the flame (even with constant pressure), which leads to significant distortion of the flame surface for
large flame radii. These departures from the unconfined case, especially the resulting nonzero burned gas

f:ﬁ,vfﬁgfsﬁame speed velocities, can lead to significant errors in flame speeds calculated using the conventional assumptions,
Markstein length especially for large flame radii. For example, at a flame radius of 0.5 times the wall radius, the flame
Burning velocity speed calculated neglecting confinement effects can be low by ~15% (even with constant pressure).

Outwardly propagating flame A methodology to estimate the effect of nonzero burned gas velocities on the measured flame speed
Cylindrical confinement in cylindrical chambers is presented. Modeling and experiments indicate that the effect of confinement

Cylindrical chamber

. can be neglected for flame radii less than 0.3 times the wall radius while still achieving acceptable
Flow correction

accuracy (within 3%). The methodology is applied to correct the flame speed for nonzero burned gas
Hydrogen . ..
Syngas speeds, in order to extend the range of flame radii useful for flame speed measurements. Under the
High pressure proposed scaling, the burned gas speed can be well approximated as a function of only flame radius
for a given chamber geometry - i.e. the correction function need only be determined once for an
apparatus and then it can be used for any mixture. Results indicate that the flow correction can be
used to extract flame speeds for flame radii up to 0.5 times the wall radius with somewhat larger,
yet still acceptable uncertainties for the cases studied. Flow-corrected burning velocities are measured
for hydrogen and syngas mixtures at atmospheric and elevated pressures. Flow-corrected flame speeds
in the small cylindrical chamber used here agree well with previously reported flame speeds from
large spherical chambers. Previous papers presenting burning velocities from cylindrical chambers report
performing data analysis on flame radii less than 0.5 or 0.6 times the wall radius, where the flame
speed calculated neglecting confinement effects may be low by ~15 or 20%, respectively. For cylindrical
chambers, data analysis should be restricted to flame radii less than 0.3 times the wall radius or a flow
correction should be employed to account for the burned gas motions.
With regard to the design of future vessels, larger vessels that minimize the flow aberrations for the same
flame radius are preferred. Larger vessels maximize the relatively unaffected region of data allowing for
a more straightforward approach to interpret the experimental data.
© 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction realistic flames are curved and/or travel through a strained flow

field, another fundamental mixture parameter known as the Mark-

The standard laminar burning velocity of a combustible mix- stein length (defined below), which quantifies the response of the

ture is defined as the speed at which a one-dimensional (1-D)  flame speed to strain rate, is also necessary to characterize flame

planar, adiabatic deﬂagration wave travels through a flammable, behavior more comp]ete]y_ These two fundamental mixture pa-

quiescent, unburned gas mixture. It is a fundamental parameter rameters, the laminar burning velocity and Markstein length, are

of a fuel-oxidizer mixture that governs practical combustion phe-  pecessary inputs for flamelet calculations and important validation

nomena such as burning rate, blowoff, and flashback. Since all checkpoints in the development of chemical kinetic and transport
models.
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Nomenclature
Af infinitesimal flame surface area element
Ly unburned Markstein length
r position vector (cylindrical coordinates, with compo-
nents r, 6, and z)
Ty flame distance along r-axis from center
Tw radius of cylindrical chamber
Rw spn  radius of spherical chamber
Su stretched unburned flame speed
o unstretched laminar burning velocity
up burned gas velocity vector
v, flame front propagation velocity vector
zf flame distance along z-axis from center

Zw half-length of cylindrical chamber

Greek symbols

K stretch rate

o expansion factor

o scaled burned gas velocity vector

Subscripts

r radial component (cylindrical coordinates)

unc uncorrected values (based on unconfined assumption)
z axial component (cylindrical coordinates)

propagating spherical flame method [4-8]. The well defined stretch
rates of these flame geometries allow for extrapolation of mea-
sured local flame speeds to their fundamental, unstretched values
and Markstein lengths [9]. Recently, new techniques have been
developed to extend the outwardly propagating flame method to
achieve measurements at pressures significantly higher than those
used previously [4,5]. While measurements have previously been
limited to pressures less than 10 atm, these techniques have al-
lowed for stretch-corrected burning velocity determination up to
60 atm using spherical flames [6].

The constant-pressure spherical flame method involves captur-
ing Schlieren images of an expanding spherical flame and calcu-
lating the instantaneous flame speed and stretch from radius-time
data [7,8]. Most studies employ the relations given by Strehlow
and Savage [10] for an unconfined outwardly propagating spheri-
cal flame, in which the burned gas is assumed to come to rest after
crossing the flame and the flame is taken to be infinitesimally thin:

1dR
Su,unc = gd_tf’ (1)
2 dRy
= ——. 2
Kunc R; dt (2)

Here sy unc is the uncorrected stretched flame speed, xync the un-
corrected stretch rate, Ry the spherical flame radius, and dRf/dt
the flame propagation speed, V ¢. The thermal expansion factor, o,
is defined as the ratio of unburned to burned gas density. Equa-
tions (1) and (2) will henceforth be referred to as the unconfined
relations. There are various methods found in the literature for
relating stretch rate and stretched flame speed such that the fun-
damental mixture parameters, the unstretched laminar burning ve-
locity, s9, and Markstein length, L,, can be extracted as described
in Refs. [7,11-14]. The present study uses a commonly employed
relation, first postulated by Markstein [11]:

Su=Sy—Ly-Kk. (3)

Equation (3) was derived from asymptotic theory for weakly
stretched flames [15] and has been found to hold for more gen-
eral conditions, as discussed in Ref. [16]. The unstretched laminar
burning velocity and the Markstein length can be extracted from
experimental data through a linear regression analysis (Eq. (3)).
For the aforementioned spherical-flame theory to be satisfied
exactly, it requires an unwrinkled, spherical, infinitesimally thin,
weakly stretched, adiabatic, quasi-steady flame with a constant ex-
pansion factor in a zero-gravity, unconfined environment. These
assumptions are not satisfied in practical cases and, consequently,
numerous studies have been devoted to quantification and cor-
rection of the errors incurred by departures from the theoretical
assumptions. The departures that have been investigated include

finite flame thickness [17], ignition disturbances [13,18], pres-
sure rise in spherical confinement [19-26], compression-induced
burned gas velocities in spherical confinement [26], varying den-
sity ratio [12], radiation [12,27], gravity [28,29], flame front wrin-
kling [30-33], nonlinear behavior [34], and unsteady behavior and
flame speed reverse [35]. While Sivashinsky performed a theoret-
ical analysis of an outwardly propagating flame in an arbitrary
confinement [36], the majority of studies on confinement effects
focused on spherical chambers [19-26].

However, in order to achieve flame speed measurements at
high pressures, many of the outwardly propagating flame experi-
ments have been conducted in cylindrical [4,5,25,37-39] or cuboid-
shaped [40] chambers. Many of the facilities designed for pressures
above 10 atm with optical access (necessary for the constant-
pressure method) are cylindrical [4,5,25,37-39]. Frequently, these
high-pressure, nonspherical chambers are often smaller than typi-
cal spherical bombs (for safety reasons) such that flame speeds are
measured for flames closer to the chamber walls. Therefore, de-
termination of the effect of nonspherical confinement is necessary
to assess the validity of the assumptions commonly employed for
laminar flame speed measurement as well as to improve the ac-
curacy of these measurements. While a previous study mentioned
the possibility of “wall interference” in these cylindrical bombs at
large radii [6], the mechanism through which the wall interferes
with the flame evolution has not been investigated in detail for
cylindrical chambers. The extent to which this interference affects
flame speed measurement has also not been quantified previously.
As we discuss below, the cylindrical chamber geometry disrupts
the induced flow field from the unconfined case, causing signifi-
cant departures from the commonly employed theory and leading
to substantial errors in flame speed measurement at large flame
radius relative to the wall radius, even for constant chamber pres-
sure.

The present study explores the effects of cylindrical-geometry
confinement on outwardly propagating flames and the determina-
tion of laminar flame speed. The primary focus is on the manifes-
tation of this effect in the flame shape evolution, flame propaga-
tion speed, and burned gas speeds along the r-axis in chambers
having a length greater than their diameter. These factors and
conditions encompass all of the research conducted previously in
cylindrical chambers [4,5,25,37-39].

2. Experimental methods
2.1. Description
Experiments were conducted in a dual-chambered, pressure-

release type high-pressure combustion apparatus shown in Fig. 1.
Complete details of the experimental apparatus and procedure can
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Fig. 1. Diagram of the experimental apparatus.

be found in Ref. [5]. The chamber consists of two concentric cylin-
drical vessels of inner diameters 10 and 28 cm. The length of the
inner chamber is 15.24 cm. Twelve circular holes of 2.2 cm diame-
ter are located in the radial wall of the inner vessel at z-offsets
of —4.6, 0, and 4.6 cm and @#-offsets of 45, 135, 225 and 315
degrees to allow for pressure release. These holes can be sealed
with O-rings under the compression of iron plates attracted by
a series of permanent magnets embedded in the wall. The iron
plates provide a seal between chambers for pressure differences
between outer and inner chambers greater than 0.3 atm. When
the pressure difference vanishes or reverses, the iron plates dis-
lodge, allowing gases to flow from the inner to the outer cham-
ber to maintain a nearly constant pressure. Since the inner vessel
volume is 10 times smaller than that of the outer, the total pres-
sure increase after combustion is small, ensuring not only a nearly
constant-pressure experiment, but operational safety for experi-
ments conducted at high initial unburned gas pressures. For the
present experiments, however, the magnetic plates were either re-
moved entirely, or remained in place (holes sealed) throughout
each experiment to avoid transitions in flow field boundary con-
ditions. The two configurations described will hereafter be called
“open” chamber and “closed” chamber experiments, respectively. It
should be noted that the inner cylindrical wall has cavities leading
to the magnetic plates as well as gas inlet and outlet holes. Thus,
some aberration in the flame evolution from the perfectly cylindri-
cal case is expected to be present at large flame radii (as the flame
structure approaches the side wall holes).

Mixtures were prepared using the partial pressure method with
hydrogen (99.99%), nitrogen (99.998%), oxygen (99.5%), and car-
bon monoxide (99.99%) stored in an aluminum cylinder. Schlieren
photography was utilized for imaging the flame propagation. Light
from a 100 W mercury lamp is focused on a 100 pm pinhole and
collimated by a spherical lens. The collimated light passes through
windows to the inner chamber and is focused on a horizontally
installed knife edge. A high-speed digital video camera with 4 ps
shutter speed and frame rates of 8000 to 24,000 fps is used to
record images of the propagating flame. The flame front is located

from these images and the flame radius along 6 = 0°, ry, is ob-
tained using an automated detection program for ease of process-
ing and reduction of human bias. The raw ry data are smoothed
and radial propagation speed, V¢ ;, is calculated using local, least-
squares second order polynomial fitting methods for data within
3 mm of the radius of interest. Data processed in this manner are
consistent with the raw data as well as data processed through a
more conventional local-averaging (low-pass) filter.

2.2. Discussion of uncertainties

Any of the various departures mentioned in Section 1 for relat-
ing Vy to sy and s, to s as well as uncertainties in the measure-
ment of V; contribute to the uncertainty in s, and s, determined
from experiment. Here, we focus on uncertainties and errors as-
sociated with the effect of confinement and those introduced by
the flow correction methodology discussed in Section 4.2. In the
figures below, we present error bars for flow-corrected burning
velocities calculated from (a) the RMS sum of the observed scat-
ter in our data (+3%, see Fig. 4); (b) uncertainty in assuming the
scaled burned gas speed, @y, to be the same for every mixture (as
defined in (4) and discussed in Section 4.1 below); (c) the uncer-
tainty in the extrapolation to zero stretch resulting from a change
in the flame speed caused by pressure and temperature rise in the
chamber as a function of flame radius. Based on the discussion for
Fig. 6, we evaluate the uncertainty in assuming the same scaled
burned gas speed for every mixture as 1% for ry < 0.3ry, and 2%
for r¢ < 0.5ry. The pressure and temperature rise are approxi-
mated based on equations for flame propagation in a spherical
chamber using the equivalent wall radius, Ry e = (3V /47)1/3,
from [26] where V is the volume of the chamber. The sensitivity
to pressure rise and sensitivity to temperature rise were calcu-
lated using the mechanism of Li et al. [41]. The uncertainty in
the uncorrected burning velocity includes the uncertainties men-
tioned above in addition to errors due to neglecting the burned
gas speed.
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3. Modeling
3.1. Description

A simple model for flame propagation was used to qualitatively
and quantitatively describe the effect of flow field asymmetries on
the evolution of an initially spherical flame in the early stages
of propagation, where the effect of confinement is nontrivial but
weak. In a manner similar to front-tracking methods described in
[42,43], the flame is described by a flamelet model and the flow
field is treated as incompressible with a distributed source term
for thermal expansion at the flame front and a uniform sink term
for compression of the fluid. The flow is further approximated as
irrotational (which is reasonable for small ry, but cannot be ig-
nored for large r¢ as discussed below). A weakly stretched flamelet
model, i.e. Eq. (3), is used with k, the local instantaneous stretch
rate, defined as dIn(Ay)/dt, with Ay being the area of an infinites-
imal flame surface element. The boundary conditions for the closed
cylindrical chamber used were inviscid walls. The initial condition
is a spherical flame of flame radius of 0.1ry,, with the stretch rate
and flame speed of an unconfined flame given by Egs. (1) and (2).
The numerical results are smoothed using a locally weighted scat-
ter smoothing (i.e. LOWESS) scheme [44] to remove oscillations
introduced by the numerical scheme.

The flamelet model requires input values for s9, L,, and o. Here
s, Ly, and o are chosen to represent experimental mixtures (as
in Figs. 2-4). Values for s and L, were calculated from the ex-
perimental data through a linear regression of Eq. (3) using the
flow-corrected flame speed presented in the next section. Expan-
sion factors, o, were obtained from planar flame calculations [45]
using the thermochemical parameters of Li et al. [41].

The model used here is similar to Sivashinsky’s model [36] in
the limiting case where the pressure rise in the chamber is small
except that the effect of stretch on flame speed is included here
by adopting Eq. (3) as the more relevant flamelet model. This flame
speed relation is chosen in lieu of one relating flame speed to pres-
sure and temperature rise as used in [36] since we are interested
in the early stages where stretch effects are far greater than pres-
sure effects (and in fact the direct pressure effect on the flame
speed can be reasonably neglected when the ratio of burned gas
volume to the chamber volume is less than 0.125 [26]).

3.2. Limitations of the model

The accuracy of the model is expected to be questionable when
the flame is close enough to the wall such that (1) the distorted
flame shape and flow field produce appreciable levels of flame gen-
erated vorticity and/or (2) the upstream temperature and pressure
rise caused by isentropic compression result in a change in density
ratio, planar burning velocity and Markstein length.

Estimates of flame generated vorticity were made based on the
tangential pressure gradient calculated in the simulations. The re-
sults indicate that the baroclinic torque produced by a flame in a
cylindrical chamber is the same order of magnitude or less than
baroclinic torque produced by gravity for an unconfined flame (for
a stoichiometric Hp-air mixture for ry < 0.5ry ). Since baroclinic
torque produced by gravity is generally considered small for out-
wardly propagating flames, rotational effects are not expected to
be significant for the flames with relatively small values of rf/r
of interest here.

Results from the simulations indicated that the relative pres-
sure rise for ry = 0.5ry, was less than about 7%, leading to a
temperature rise of less than about 2% for all relevant mixtures
in a chamber of aspect ratio 1.5. For a stoichiometric Hy-air mix-
ture, for example, this corresponds to a change in the burned flame
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Fig. 2. Normalized flame propagation speed in the radial direction for experiments
with open or closed test chamber (see text) compared to previous measurements in
large spherical bomb [12].

speed of less than 1% at ry = 0.5ry. Since the pressure and tem-
perature rise due to compression in the chamber are not included
in the model or the flow correction methodology, the response of
the flame speed to pressure and temperature rise contribute to the
uncertainty in the results.

As demonstrated in Section 4.1, the fluid-mechanical model
used here demonstrates significant improvements over the uncon-
fined model, which is typically applied to flame speed determina-
tion in cylindrical chambers. The model is validated against data
from a wide range of flame conditions in Section 4 below. More-
over, numerical solutions of this reduced model offer significant
advantages in terms of computational time over detailed, multi-
dimensional, unsteady simulations, thus allowing for parametric
studies to be performed.

4. Results and discussion
4.1. Flame evolution in cylindrical confinement

The experimental data for flame propagation speed history in
the radial direction for the closed and open cases (as described in
Section 2) are presented in Fig. 2 for an equivalence ratio of 3.0.
Flame speed data obtained in a large spherical chamber (R spn =
30 cm = 6ry,) from [12] are also plotted for comparison. For such
a large chamber, the compression effect is small for ry <5 cm
and the expanding flame behaves as if it were unconfined. The
data from the cylindrical chamber show an initial increase in ra-
dial propagation speed followed by a decrease with increasing ry,
whereas the data from Taylor from the larger chamber continue to
increase with ry. The initial increase in propagation speed can be
attributed to the effect of decreasing stretch on flame speed for a
mixture with a positive Markstein length. The decrease in radial
propagation speed in the cylindrical bomb can be attributed to the
effect of confinement distorting the flow field. The confinement
effect is observed for both constant-volume and constant-pressure
experiments. Therefore, pressure rise is not necessary for the con-
finement to affect the flame propagation in nonspherical chambers
(as would be the case for spherical chambers).

For ry < 0.3ry, the flame propagation speed measured in the
cylindrical bomb agrees well with that measured in a larger spher-
ical vessel. However, for ry > 0.3ry, the difference between the
propagation speeds in the cylindrical chamber and the larger
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spherical chamber becomes larger than the ~3% degree of scat-
ter observed in the data (see Fig. 4).

Fig. 3 presents the experimental data for flame propagation
speed history along the r-axis of a closed cylindrical chamber
for equivalence ratios of 1.0 and 3.0 and the numerical solution
of the flamelet model for a cylindrical chamber of the same as-
pect ratio as the experiment. These results are contrasted with
flame speed data obtained in a large spherical chamber (R spn =
30 cm = 6ry,) from [12], simulations for a spherical chamber of the
same size (Ry spn =30 cm = 6ry,) using direct numerical simula-
tion (in-house code, ASURF-1D, described in detail and validated
in [26]), and calculations based on the unconfined flame relations,
(1) and (2).

The experimental data and the model solution for the cylin-
drical chamber are nearly identical to the unconfined model as
well as experimental data and A-SURF-1D predictions for the
large spherical chamber, during the early stages of propagation
(rf <0.3ry). For these conditions, the flow field is relatively unaf-
fected by the cylindrical boundary. The radial flame propagation
speed initially increases with ry due to an increase in the un-
burned flame speed with decreasing stretch and a positive Mark-
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Fig. 5. Comparison of flame surface contours for a flame in a finite-length cylindrical
chamber of aspect ratio, zy,/ry = 1.5, and an unconfined flame for o = 8 at (a)
0.002, (b) 0.044, (c) 0.086, (d) 0.128, (e) 0.170 ry /sC.

stein length. As the flame progresses to larger values of r¢, how-
ever, the radial flame propagation speed in the cylindrical chamber
becomes lower than the unconfined case because the flow is com-
pressed in the radial direction.

The cylindrical model solution demonstrates excellent agree-
ment with experimental data from the cylindrical chamber -
within ~3% for ry < 0.6r,. However, agreement between the
model results and experimental data degrades for ry > 0.6ry due
to the aforementioned limitations in the model and the experi-
mental effects of the cavities in the chamber wall. The difference
between experimental data and model predictions using the con-
ventional unconfined model and the present cylindrical model are
compared in Fig. 4 for hydrogen-air, syngas-air, and methane-
air mixtures of various equivalence ratios. The cylindrical model
provides significant improvements over the unconfined model at
larger ry. While the unconfined model over-predicts the propaga-
tion speed by nearly 20%, the cylindrical model predicts the exper-
imentally measured propagation speed within the data scatter for
re <0.6ry.

Since the r-z plane (where the flame surface distortion is ev-
ident) is not optically accessible in the experimental apparatus
used, the flamelet model is used to study the evolution of the
flame surface in a cylindrical chamber. Fig. 5 shows the r-z plane
cross-sections of the flame surface compared to that of an un-
confined flame with ¢ =8 and L,/ry, = 0 at successive times.
During the early stages, corresponding to the stage labeled (a) in
Fig. 5, the gas velocity is zero everywhere in the burned gas zone,
and the flame shape remains the same as that of the unconfined
flame. However, as the flame progresses, i.e. (b) and (c) in Fig. 5,
the burned gas speed becomes negative along the r-axis and posi-
tive along the z-axis. These burned gas speeds result in a reduced
propagation rate along the r-axis and enhanced propagation rate
along the z-axis. The difference in propagation rates produces a
distorted flame surface at stages (c), (d), and (e) - compressed
in the radial direction and stretched in the axial direction, com-
pared to the unconfined case. The acceleration of the flame front
in the z-direction is minor for the present aspect ratio, but for
higher aspect ratios, the acceleration will be more pronounced. We
have reported observations of distorted flame fronts that were vi-
sualized in a cuboid-shaped chamber in our previous work [46],
which provides clear experimental evidence of the deformation of
the flame surface due to nonspherical confinement.

The modified evolution in cylindrical confinement is caused by
the nonzero burned gas velocities imposed by the walls. Since the
burned gas speed is initially zero and increases to (o — 1)s, when
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the flame reaches the wall, we define a scaled burned gas velocity
as

o 4
(0 —=Dsy

in order to generalize the flow field response to the confinement
for different mixtures. The scaled burned gas speed along the r-
axis, @y, obtained from the model results is plotted as a function
of r¢/ry for different mixture parameters in Fig. 6. The mixture
parameters shown in Fig. 6 were chosen to cover a reasonable
range of typical mixture conditions. Though the burned gas speeds
as a function of ry/ry for the different cases are very different,
the scaled burned gas speeds for all the mixtures collapse onto a
single curve. The scaled burned gas speeds for the three cases are
within 1% for ry < 0.4ry, and 3% for ry < 0.6ry, and the burned
gas speeds have nearly the same profile for chambers of different
aspect ratios (not shown here due to space considerations). In fact,
for aspect ratios of 1.5 or larger, the differences among the burned
gas speeds are less than 5% for ry < 0.6ry,. The effect of cylindri-
cal confinement on the flame propagation speed and burned gas
speed is slightly stronger for larger aspect ratios.

(4)

4.2. Effect of cylindrical confinement on laminar flame speed
measurement and an algorithm for flow correction

Cylindrical confinement limits the applicability of the conven-
tional (uncorrected) constant-pressure method for flame speed cal-
culations in two ways: (1) a disruption of spherical symmetry and
(2) nonzero velocities in the burned gas zone. In the modeling re-
sults, the stretch rate was found to closely follow the spherical
prediction, indicating that Eq. (2) can still be used to calculate the
stretch rate using ry and dry/dt from the experiments. In fact, the
stretch rate calculated using the definition of stretch as dIn(Ay)/dt
and the stretch rate using (2), differ by less than 5% for ry < 0.6ry,
resulting in negligible differences in extrapolated burning velocity
and Markstein length. Therefore, for sake of simplicity in applying
the correction methodology, Eq. (2) can be used to approximate
the stretch rate without incurring appreciable errors. However, the
results from the last section indicate that the zero burned gas ve-
locity assumption commonly employed in constant-pressure flame
speed calculations can be strongly violated in cylindrical chambers
even when the pressure in the chamber is nearly constant. The ra-
dial propagation speed, V¢ », can be related to the flame speed and
radial burned gas speed, up r, through

Vif=0 sy+up;. (5)
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Fig. 7. Calculated flame speed for a hydrogen-air mixture of equivalence ratio of
1.0 at 1 atm obtained in a cylindrical chamber (ry =5 cm, zy /rw = 1.5) with and
without flow correction compared to calculated flame speed obtained in a large
spherical chamber [12] (R =30 cm) as a function of stretch.

Combining Eqgs. (1), (4), and (5) in the radial direction yields

Suunc —Su 0 —1

;. (6)
Su o

Equation (6) is a measure of the error in using the unconfined (un-
corrected) relations for a given scaled burned gas speed. In Eq. (6)
Su.unc is the stretched flame speed calculated assuming no con-
finement, Eq. (1), and is, therefore, the “uncorrected” flame speed.
Since the scaled burned gas speed along the r-axis, @y, has been
shown to be well-approximated as a function of only rf/ry and
is of order unity, Eq. (6) shows that the error in the unconfined
assumption is proportional to (o —1)/o.

Since the confinement effect is stronger when the flame is
closer to the wall, extrapolating to obtain the planar burning veloc-
ity and Markstein length using Eq. (3), assuming zero burned gas
velocity over ranges of large ry/ry, will yield erroneous results, as
demonstrated in Fig. 7. For large stretch rates (small rs/ry), the
calculated flame speed using (1) is consistent with flame speed
data taken in a large spherical bomb [12]. Then, as the stretch rate
decreases (ry/ry increases), the flame speed calculated using the
zero burned gas velocity assumption decreases significantly due to
the effect of confinement.

A flow-corrected flame speed, which accounts for the actual in-
duced fluid motions in the confinement, can be calculated by a
rearrangement of Eq. (6) using Eq. (1)

Vf,r/O’

Sy=—-""—"——.
b+ )

(7
Since the scaled radial burned gas speed, @y, is well-approximated
as a function of r¢/ry only (independent of mixture properties),
the same correction can be used for every experiment for a given
cylindrical chamber. Thus, the flow correction need only be deter-
mined once, and then the results can be used for all mixtures.
The flow-corrected flame speed, calculated using the scaled
radial burned gas speed obtained from the modeling results in
Eq. (7), is also presented in Fig. 7. The flow-corrected flame speed
is shown to follow closely the flame speed data obtained in a
larger spherical bomb by Taylor [12] (shown in Fig. 7) - as well as
other data from large bombs [47,48] - over a much wider span of
stretch rates than the uncorrected flame speed. The values of the
uncorrected data are much lower than those of the flow-corrected
data from the cylindrical bomb and flame speed data from large
spherical bombs at large rf/ry. As demonstrated in Fig. 10 below,
failure to account for the induced fluid motions yields large errors
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Fig. 8. Comparison of flow-corrected flame speeds obtained in a cylindrical cham-
ber (rw =5 cm, zy/rw = 1.5) with flame speeds obtained from a larger bomb [12]
(Rw =30 cm) as a function of stretch.
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Fig. 9. Comparison of flow-corrected and uncorrected burning velocities extrapo-
lated over 0.12ry <rf < 0.3ry, and burning velocities from larger bombs [12,49]
for hydrogen-air mixtures. (For ry < 0.3ry, the flame is relatively unaffected by the
confinement.)

in extrapolation of planar burning velocity (as well as Markstein
length) if data of large r¢/ry are used.

Similar results are obtained for a wide range of equivalence
ratios of hydrogen, syngas, and methane mixtures which have dif-
ferent values for the flame speed, Markstein length, and expansion
factor.

4.3. Demonstration of methodology - flow corrected flame speeds for
hydrogen and syngas mixtures

Flow-corrected flame speeds as a function of stretch obtained
in our cylindrical chamber are compared with flame speeds ob-
tained in a large spherical chamber [12] for hydrogen-air mixtures
of equivalence ratios from 0.6 to 4.0 in Fig. 8. The flow-corrected
flame speeds agree well with the large bomb measurements over
the whole range of stretch rate spanned for rf < 0.5r,. Similar
agreement is observed for methane-air mixtures.

Fig. 9 shows flow-corrected and uncorrected burning veloci-
ties extrapolated over the range 0.12ry,, <ry < 0.3r,, along with
burning velocities obtained in larger bombs. The burning veloc-
ities obtained from our cylindrical bomb agree well with other
published burning velocities. The flow-corrected and uncorrected
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Fig. 10. Effect of data range on extrapolated burning velocity for hydrogen-air mix-
tures.

burning velocities for this extrapolation range agree within ~3% -
corroborating the results presented above, which imply that flames
of rg <0.3ry, are relatively unaffected by the confinement effect.

The flow-corrected and uncorrected burning velocities obtained
from extrapolations over different data ranges are plotted in
Fig. 10. Ranges over large ry are excluded if wrinkling is observed
and ranges over small r¢ are excluded if nonlinear or unsteady ef-
fects are noted. For equivalence ratios where both extrapolation
ranges are unaffected by wrinkling, nonlinear or unsteady behav-
ior, the flow-corrected burning velocities obtained using two differ-
ent data ranges agree within ~5%. Flow-corrected burning veloci-
ties for the range from 0.3ry <1y < 0.5ry have somewhat larger
uncertainties than those for 0.12ry <r¢ < 0.3ry. The uncertainty
due to pressure and temperature rise in the chamber is estimated
to be 4% or below for equivalence ratios less than 4.5 and 7% for an
equivalence ratio of 5.5. However, uncorrected burning velocities
extrapolated over 0.3ry, <ry <0.5ry and 0.5ry <1y <0.7ry, are
consistently lower than the flow-corrected and uncorrected burn-
ing velocities extrapolated over 0.12ry, <1y < 0.3ry by ~15% and
~40%, respectively.

For equivalence ratios of 4.0 and larger, nonlinear and unsteady
effects were observed in flames during the range 0.12ry <rf <
0.3ry,. Under these circumstances, only large radius ranges can be
used for linear extrapolation. A flow correction can be employed
to extend the range that can be used for extrapolation, thus allow-
ing for determinations of burning velocity for these mixtures with
somewhat larger uncertainties. The methodology provides a signif-
icant improvement over neglecting the burned gas velocity, which
results in a ~15% error, for this range from 0.3ry, < 1§ < 0.5ry,.
Similar results are obtained for a variety of fuels and pressures.

For example, Fig. 11 presents flow-corrected burning velocities
for syngas mixtures at various pressures. For the atmospheric pres-
sure cases, an Hy:CO = 50:50 syngas mixture in air was studied.
For the elevated pressure cases, an Hy:CO = 25:75 syngas mixture
in O, + 7He oxidizer was studied. The range used for extrapola-
tion was 0.12ry <1y < 0.3ry, except for equivalence ratios 1.6
and 2.0 at 20 atm where 0.12ry, <1y < 0.22ry is used (since
the flame is wrinkled for larger radii). Analogous to the results
for atmospheric hydrogen-air, the flow-corrected burning veloci-
ties obtained using two different data ranges, 0.12ry, <1y < 0.3ry
and 0.3ry <15 < 0.5y, agree within ~5% for equivalence ratios
where both extrapolation ranges are unaffected by wrinkling, non-
linear or unsteady behavior. Uncorrected syngas burning velocities
using the range 0.3ry, <1y < 0.5y are also consistently lower by
~15%.
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Fig. 11. Syngas burning velocities at atmospheric and high pressures.

4.4. Additional notes

Where possible, it is recommended that the early portion of
the data (ry < 0.3ry) is used in cylindrical bomb experiments. For
this part of the data range, the experimental and modeling results
indicate that the effect of cylindrical confinement is small. The
uncorrected and flow-corrected flame speeds agree within 3% for
this range. However, for some mixtures the early region might be
strongly influenced by ignition transients [35] or nonlinear behav-
ior [34]. Since these effects are most prominent in mixtures of high
Lewis number, one would expect to observe them in lean mix-
tures of large molecular weight hydrocarbons in addition to rich
hydrogen mixtures. For these conditions, a flow correction could be
applied to obtain a burning velocity using ranges up to ry = 0.5ry,
with somewhat larger uncertainties. With regard to the design of
future vessels, larger vessels that minimize the flow aberrations
for the same ry are preferred since the use of the unaffected data
range is a more straightforward approach to interpret the experi-
mental data.

It should be noted that similar flow disturbances caused by the
chamber boundaries discussed here occur in all chamber geome-
tries, including spheres, cylinders, and cuboids. Complications arise
with “nearly constant-pressure” chambers, as in the present study
and Ref. [5], when the pressure-release mechanisms are activated.
It is advised that the chamber be kept closed during the stages
of the flame development of interest so that the flow field can be
described by closed cylindrical chamber flow.

Flow disturbances in nonspherical chambers are likely to pose
more significant challenges for the constant-volume flame speeds
determined based upon the system pressure history (see any of
Refs. [19-25] for a general description). The methodology assumes
a spherical flame shape in the calculation of flame area. The pres-
sure rise method emphasizes the late flame evolution process,
where the flame shape will be most distorted. Since the conven-
tional expressions employed use a spherical definition for flame
area, the distorted flame shape caused by the cylindrical confine-
ment will degrade the accuracy of this definition and will likely
yield erroneous results for flame speed.

Previous papers presenting burning velocities from cylindrical
chambers report performing data analysis on flame radius ranges
of rg <0.5ry or ry < 0.6ry [4-6,50]. Substituting values for w;
from Fig. 6 into (6) for typical values of o implies that the flame
speed calculated from (1) is low by ~15% at r¢ = 0.5ry, and ~20%
at ry = 0.6ry,. Since insufficient details about the chamber geome-
try, pressure-release timing, and exact range used for extrapolation
are available in many of these studies [4-6,50,51], it is unclear if

or by how much the burning velocities are affected by confinement
effects.

Rate constants for certain reactions, such as radical-radical re-
combination reactions, which are most important in high pressure
flames, have been modified or optimized in several mechanisms
[41,51-53] to match high pressure flame speed data from cylindri-
cal chambers. Given the findings of the present study, the high-
pressure flame speed measurements utilized in these model vali-
dations may require additional scrutiny.

5. Conclusions

The effect of cylindrical confinement on the evolution of out-
wardly propagating flames and the determination of laminar flame
speeds was investigated experimentally and theoretically for cham-
bers having a length greater than their diameter. The major con-
clusions are:

1. The flame appears to be relatively unaffected by confinement
for r¢ < 0.3ry. However, for r¢ > 0.3ry, the boundary condi-
tions imposed by the confinement induce nonzero burned gas
velocities, resulting in a reduction of the radial flame prop-
agation speed from the unconfined case (even for constant
pressure). Extrapolation to an unstretched burning velocity us-
ing ranges of data for ry > 0.3ry, yield substantial errors using
the unconfined theory, with larger errors incurred at larger ry.

2. Previous papers presenting burning velocities from cylindri-
cal chambers report performing data analysis on flame ra-
dius ranges of ry < 0.5ry or ry < 0.6ry, where the flame
speed calculated from (1) may be low by ~15 or 20%, respec-
tively. Since insufficient details about the chamber geometry,
pressure-release timing, and exact range used for extrapola-
tion are available in many of these studies, it is unclear if or
by how much the burning velocities are affected by confine-
ment effects.

3. A flow correction methodology was developed to account for
the nonzero burned gas velocities produced by the cylindri-
cal chamber walls. Under the proposed scaling, the burned
gas speed can be well approximated as a function of only
rg for a given chamber geometry - ie. the correction func-
tion need only be determined once for an apparatus and then
it can be used for any mixture. The proposed flow correc-
tion methodology was demonstrated to allow for flame speed
and burning velocity determination for r¢ < 0.5r,, with some-
what larger uncertainties. Flow-corrected burning velocities
were measured for hydrogen and syngas mixtures at normal
and elevated pressures.

4, With regard to the design of future vessels, larger vessels that
minimize the flow aberrations for the same ry are preferred.
Larger vessels maximize the relatively unaffected region of
data allowing for a more straightforward approach to interpret
the experimental data.
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