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Extended Abstract

This report summarizes the work done over the past three years involved with taking
measurements of the turbulent flame speed, Sr, of syngas fuel blends at a variety of conditions.
The objective of this work is to assess the extent to which varying fuel composition influences
turbulent flame speeds — in other words, if two fuels have the same laminar flame speed, will
their turbulent flame speeds aso be the same or differ? Previous work has clearly shown that
fuel does, in fact, exert powerful influences upon turbulent flame speeds. However, these data
were obtained at relatively low turbulence intensities and velocities. As such, a key research
guestion addressed was “Do fuel effects on turbulent flame speeds exert important influences at
gas turbine realistic conditions?’

Measurements of the turbulent global consumption speed, Srec, were obtained for
atmospheric pressure H,/CO flames for mean flow velocities and turbulence intensities of 4 < Ug
< 50m/s and 1 < U mdS 0<100 respectively, for H,/CO blends ranging from 30-90% H, by
volume. Two sets of experiments were conducted. Turbulent flame speeds were obtained with
blends ranging from 30-90% H, with the mixture equivalence ratio, ¢, adjusted at each fuel
composition to have nominally the same unstretched laminar flame speed, S o. The data clearly
corroborate results from other studies that show significant sensitivity of Srec to fuel
composition, in particular, that at a constant U’ s and S , as the H, content increases Src aso
increases. An important conclusion from this work was that fuel effects on Srgc are not ssimply
alow turbulence intensity phenomenon — they clearly persist over the entire range of turbulence
intensities used in the measurements.

The constant S o studies were also extended to study length scale and preheat
temperature. Specifically, measurements were obtained using a 12 mm burner diameter, for
mean flow velocities ranging from 20-50 m/s to assess the influence of length scales on the flame
speed measurements. It was found that the larger burner diameter flames exhibited larger average
consumption speeds at a given fuel composition, turbulence intensity, and mean flow velocity.
These differences are about 50% for 50 m/s and 60% for 30 m/s. Results of constant § o studies
conducted at an elevated preheat temperature of 600 K and atmospheric pressure are aso
presented. Similarly, the turbulent flame speed is a function of fuel composition, with increasing



Srcc as H; percentage increases. In the second set of experiments, the equivalence ratios were
varied at fixed H; levels.

Taken together, these results clearly show that fuel composition exerts very significant
impacts on turbulent flame speeds at conditions which approach those encountered in GT's (i.e,,
fuel effects are not a small lab scale, low turbulence intensity phenomenon only. This report also
describes physics-based correlations of these data, using leading points concepts and detailed
Kinetic calculations of the stretch sensitivity of these mixtures. Finally, we develop an inequality
for negative Markstein length flames that bounds the turbulent flame speed data and show that
the data can be reasonably collapsed using the maximum stretched laminar flame speed, S yex
rather than S . The validity of this model has also been investigated through a G-equation
model of the leading points.
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1. I ntroduction

There is significant interest in developing dry low NOx combustion technologies that can
operate with synthetic gas (syngas) fuels derived from gasified coal or biomass[1]. Syngasfuels
are typically composed primarily of H, and CO, and may also contain smaller amounts of CHg,
N, CO,, H,O, and other higher order hydrocarbons [2-3]. However, the specific composition
depends upon the fuel source and processing technique, leading to substantial variability in
composition - one of the largest barriers towards their usage in lean, premixed combustion
systems.

A variety of operability, emissions, and structura life issues must be addressed in
evaluating the impact of fuel composition on a gas turbine combustor; e.g.,, NOx and CO
emissions, liner and fuel nozzle thermal loading, blow-off and flashback limits, and combustion
instabilities. The turbulent flame speed is an important parameter through which the fuel
composition exerts influences on many of these issues, such as thermal loading, blow-off limits,
flashback limits, and combustion instability [4]. For example, the turbulent flame speed has a
direct impact on the flame length and its spatia distribution in the combustor. This, in turn,
affects the thermal loading distribution on the combustor liners, fuel nozzles and other hardware.
Furthermore, the flames proclivity to flashback is directly a function of how rapidly the flame
propagates into the reactants, which is dependent on the turbulent flame speed. In addition, the
turbulent flame speed has a leading order influence on combustion instability limits through its
influence upon the flame shape and length [5]. For example, measurements from Santavicca [6]
have clearly shown how combustion instability boundaries are influenced by changes in flame
location, due to changesin H, content of the fuel or mixture stoichiometry.

The unstretched laminar flame speed, S o, is a thermo-physical property of a fuel-
oxidizer mixture that describes the speed at which a laminar flame front propagates into a
reactive mixture. For a given mixture, it is afunction of pressure, temperature and flame stretch
rate [7]. The turbulent flame speed, Sr, while having an analogous definition for the average
propagation speed of a turbulent front, does not uniquely depend on the mixture's thermal and
chemical properties. As with turbulence itself, Sy is a function of the flow within which the

flame resides; i.e., it isafunction of laminar flame speed, turbulence intensity, turbulence length



scales, etc. Correlations of turbulent flame speed of theforms§s- () , where u’ denotes the

root mean sguare (RMS) turbulence fluctuation, have been obtained from numerous studies [8].
Numerous studies showing these fuel effects have been compiled in the review paper of
Lipatnikov and Chomiak [9], and an updated discussion of stretch effectsis provided by Driscoll
[10]. These fuel effects are believed to be associated with stretch sensitivity of the reactive
mixture, that is, in turn, a function of differences in the relative rates of mass and/or thermal
diffusion of the deficient species [11]. Stretch sensitivity leads to variations in the local burning
rate along the turbulent flame front. For example, the burning rate of the positively strained
leading points of the turbulent flame is increased for mixtures with negative Markstein lengths,
Im [11]. Studies by Kido et al. [12] have shown that fuel/air mixtures with negative Markstein
lengths (e.g., lean methane or hydrogen flames) have higher turbulent flame speeds than those
that are relatively stretch insensitive, which, in turn, exceed those with positive Markstein
lengths (e.g., lean propane-air flames). For syngas fuels, this effect is particularly important
because of the large differences in diffusivity of the various fuel constituents (e.g., H, and CO,
plus the diluents carbon dioxide (CO,), nitrogen (N>), and water (H,O) with respect to each other

and to air.

2. Executive Summary

This report outlines measurements of the turbulent global consumption speed, Srgc, of
atmospheric pressure H,/CO flames. The measurements reported in this paper had two primary
motivations. First, limited data are available for H,/CO fuel mixtures; a few examples are from
Daniele et al. [13] and Karpov and Severin [14]. Second, much of the turbulent flame speed data
where strong stretch effects may be present have been obtained at turbulence intensities,

U, /S0 often less than 20 [12, 15-21]. Obtaining such data at high turbulence intensities is of

fundamental interest to explore the relative roles and interactions between turbulent stretching of
the flame front and its stretch sensitivity, in particular whether stretch effects change with
turbulence intensity. The above studies suggest that fuel effects persist at higher turbulence
intensities, but further data are needed to validate this point. Measurements have been reported
for mean flow velocities and turbulence intensities of 4 < Ug < 50m/s and 1 < U’ /S 0<100
respectively, for H/CO blends ranging from 30-90% H, by volume. Two sets of experiments
were conducted. Turbulent flame speeds were obtained with blends ranging from 30-90% Ho,



with the mixture equivalence ratio, ¢, adjusted at each fuel composition to have nominaly the
same unstretched laminar flame speed, S o. The data clearly corroborate results from other
studies that show significant sensitivity of Syec to fuel composition, in particular, that at a
constant U' s and § o, as the H, content increases Sy gc aso increases. An important conclusion
from this work was that fuel effects on Srec are not simply a low turbulence intensity
phenomenon — they clearly persist over the entire range of turbulence intensities used in the
measurements.

The constant S o studies were aso extended to study length scale and preheat
temperature. Specifically, measurements were obtained using a 12 mm burner diameter, for
mean flow velocities ranging from 20-50 m/s to assess the influence of length scales on the flame
speed measurements. It was found that the larger burner diameter flames exhibited larger average
consumption speeds at a given fuel composition, turbulence intensity, and mean flow velocity.
These differences are about 50% for 50 m/s and 60% for 30 m/s. Results of constant §_ o studies
conducted at an elevated preheat temperature of 600 K and atmospheric pressure are also
presented. Similarly, the turbulent flame speed is a function of fuel composition, with increasing
Srcc as Hy percentage increases. In the second set of experiments, the equivalence ratios were
varied at fixed H; levels.

Taken together, these results clearly show that fuel composition exerts very significant
impacts on turbulent flame speeds at conditions which approach those encountered in GT's (i.e.,
fuel effects are not a small lab scale, low turbulence intensity phenomenon only. In addition to
the measurements, this report also describes physics-based correlations of these data, using
leading points concepts [9, 22-23] and detailed kinetic calculations of the stretch sensitivity of
these mixtures. The leading points concept provides a useful framework for incorporating
modern understanding of stretch sensitivities of these flames [11] into data analysis. From this
analysis we develop an inequality for negative Markstein length flames that bounds the turbulent
flame speed data and show that the data can be reasonably collapsed using the maximum
stretched laminar flame speed, S max, rather than S . The validity of this model has also been
investigated through a G-equation model of the leading points.



3. Experimental Approach and Facility

This section describes the approach and experimental facility used to quantify the
turbulent flame speed. As noted above, Srac is a property of not only the fuel-air mixture, but
also the flow. As such, well characterized, highly reproducible burners whose results can be
compared to other workers and data are critical to these measurements [24].

We start with some discussion of the measurement approach. This is an important issue
because of the definition dependence of S;. Extensive discussion of the merits and drawbacks of
various approaches are contained in the literature. Some resolution has been achieved in two
recent reviews [10, 25] and through the International Workshop on Premixed Flames [26], where
it is noted that there are actually multiple useful definitions for Sy that are relevant for different
combustion issues (e.g., flashback versus heat release per volume). Four definitions of S have
been proposed: local displacement speed, Srip, global displacement speed, Srep, local
consumption speed, Sy c, and global consumption speed, Srec [12, 17, 18]

The local consumption and displacement speeds attempt to quantify the local propagation
rate and mass burning rate of the turbulent front, respectively. There are various problems
associated with defining these quantities locally, however. For example, the definition of Sy c

is:
Rl =X f n (1)

where S o, lIp and £ are the unstrained laminar flame speed, stretch factor and the flamelet
surface area per unit volume respectively. Clearly, this integral is a function of the integration
path, 7, through the turbulent flame brush. Several authors suggest that it be performed in a
direction normal to the flame brush [10], which is itself usually a function of reaction progress
variable.

Difficulties associated with defining a local value of Sy can be circumvented to some
extent by defining global burning rates (assuming, of course, that all the reactant mass flow pass
through the flame brush [10]), at the cost of averaging over potentially substantial variations in
local burning rates for cases where the flame brush is spatialy evolving. However, globa

turbulent flame speeds are also definition dependent. For example, Srccis defined as:
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where i, , p; and As denote reactant mass flow rate, reactant density and mean flame area

corresponding to some prescribed <c> contour. Thus, the value of Srac is itself a function of
which progress variable surface is used to define the mean flame front area.

This study focuses upon measurements of Srcc using a turbulent Bunsen flame, an Srgc
measurement approach recommended by Gouldin and Cheng [26]. This configuration was used
because of the wide variety of available data in similar geometries for benchmarking and
comparisons.

A schematic of the system is shown in Figure 1. The burner is a smoothly contoured
nozzle with high contraction ratio to inhibit boundary layer growth and to achieve a top hat exit
velocity profile. Measurements were taken using burners with 12 and 20 mm exit diameters. An
annular sintered plate is placed around the burner outlet to hold a premixed, methane-air pilot
flame, needed to stabilize the main flame at the higher flow velocities used in this study. The
total mass flow rate of the pilot does not exceed 5% of the main flow rate to ensure minimal
impact of the pilot on the main flame. This was checked by taking measurements with various
pilot flow rates.

Mass flow rates of the fuel and air for both the main and pilot flames are metered using
mass flow controllers that have accuracies of £1.5% of the full scale. As a result, equivalence
ratios quoted here have uncertainties ranging from 3% to 5%, depending on the full-range scale
of the mass flow controllers used.

The fuel/air mixture is premixed 2 m ahead of the burner. Upon entering the main burner
assembly, the flow passes through a layer of ball bearings to minimize “jetting” effects from the

smaller diameter reactant feed lines.



CH,

Air ——

AV

mixing lines

CO

Air

350

Figure 1: Schematic of the experimental facility. Dimensions in mm.

The turbulence intensity is varied independently of the mean flow velocity using a
remotely controlled turbulence generator. This turbulence generator assembly consists of milled
dotsin athin plate that cause flow separation and vorticity generation as the flow passes through
them. These vortical structures impinge on the inclined wall of the converging section of the
nozzle, breaking them down into finer turbulent eddies [27-29].

As shown in Figure 1, the turbulence generating plates are secured 84 mm upstream of
the burner exit. Prior implementations of these turbulence generators used fixed plates [27-29] —
different blockage ratio plates were manufactured to vary turbulence intensity. In this study,
substantial effort was devoted to developing a system that is continuously variable, in order to
sweep out a range of turbulence intensities at a fixed mean flow velocity. This capability isaso
needed to facilitate the high-pressure measurements that are planned for the next phase of
experiments. This system consists of a 3 mm thick bottom plate that is secured to the plenum
and a 6 mm thick top plate attached to a central shaft that is connected to a stepper motor. This

configuration allows for variable degrees of blockage as shown in Figure 2.
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Figure 2: Schematic of the turbulence generating plates: (a) fully open and (b) partially closed.

The plate’' s angular position is measured with an optical encoder to an accuracy of +0.1°.
The stepper motor is connected to the central shaft via a worm gear, minimizing backlash.
Maximum and minimum blockage possible with this setup is 97% and 69%, corresponding to an
angular opening of 1.5 degrees and 30 degrees, respectively. Turbulence intensity increases
monotonically with increasing blockage ratio.

At very high blockage ratios, the mixture passes through the slots at an angle, leading to
some swirl in the flow. This effect was reduced somewhat by the addition of straighteners as
shown in Figure 3, but it still imposes a maximum blockage ratio over which data are obtained.
We utilized the criterion that the maximum blockage ratio remains less than 93% for al flame

speed data presented in this paper, based upon the flow field characterization described in the

next section.
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Figure 3: Flow characteristics (a) without and (b) with flow straighteners.



3.1. Flow Fidd Characterization

The flow field was characterized using a TSI 3-component Laser Doppler Velocimetry
(LDV) system. The flow was seeded using 5 pm alumina (Al,Os) particles. Data were obtained
at mean flow velocities from Uy = 4 — 50 m/s, which correspond to Rep = UgD/v = 5,100 —
64,000. The turbulence intensities quoted below, u/,.. are based upon the tota turbulence

intensity using all three velocity components; i.e., u[ﬂwwﬁ = . As such, some care

should be taken when comparing with other data in the literature, such as when measurements
are obtained with hot wire anemometers that capture two velocity components.

Figure 4 through Figure 6 plot representative profiles of the mean and fluctuating axial,
radial and azimuthal velocities as a function of the radial distance from the center of the 20mm
diameter burner at 50m/s at three different blockage ratios.
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Figure 4: Plots of (a) mean axial, radial and azimuthal velocities and (b) fluctuating axial, radial, and
azimuthal and total fluctuating velocities as a function of radial distance from center of the burner for Uy =
50m/s at a blockage ratio of 69%.
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Figure 5: Plots of (a) mean axial, radial and azimuthal velocities and (b) fluctuating axial, radial, and
azimuthal and total fluctuating velocities as a function of radial distance from center of the burner for Uy =
50m/s at a blockage ratio of 81%.
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Figure 6: Plots of (a) mean axial, radial and azimuthal velocities and (b) fluctuating axial, radial, and
azimuthal and total fluctuating velocities as a function of radial distance from center of the burner for Uy =
50m/s at a blockage ratio of 93%.

The data show a well-defined top-hat mean axial velocity, along with low radial velocity.
The azimuthal velocity increases with increasing blockage ratio, as discussed earlier. It should be
noted that the time averaged mean and fluctuating velocities are flat, except in the boundary
layer, and that as the blockage ratio is increased from 69% in Figure 4 to 93% in Figure 6, the
turbulence intensity increases.

Figure 7 summarizes the performance of the turbulence generator, by plotting the

centerline turbulence intensity, u'\mdUo as a function of the blockage ratio. It shows that the



turbulence intensity monotonically increases with blockage ratio. The 12 mm burner has a lower
turbulence intensity than the 20 mm burner at the same blockage ratio. This occurs because the
flow velocity through the blockage plate gaps is lower for the smaller burner (note that the

nozzle exit velocity iswhat is fixed).
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Figure 7: Dependence of burner centerline total turbulence intensity (i.e. summed over all 3 fluctuating
velocity components) upon blockage ratio.

An important question for configurations such as used here, where the turbulence
intensity varies radially and axially, and where there is strong shear generated turbulence, is the
appropriate turbulence intensity that should be used to characterize y . . While we do not weigh
in on this question here, we do note that the centerline turbulence intensity scales well with that
at other locations. To illustrate, Figure 8 presents a comparison between the shear (or, more

precisely, a r = 10 mm) and centerline turbulence intensities. Note the one-to-one

correspondence between the two, with u;, (r =10 mm) =0.87y . (r = 0 mm) + 6.9U,.
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Figure 8: Comparison of turbulence intensity in shear layer and burner centerline.

Limited particle image velocimetry (PIV) were also conducted to map the entire flow
field and determine the axial dependence of the turbulence intensity. Figure 9 shows the mean
and RMS velocity fields normalized by the mean centerline velocity at the burner exit. Note that
the centerline turbulence intensity remains relatively constant, and actually grows dlightly for at
least the first 50 mm downstream, typical of jet turbulence [30]. Thisisimportant since it implies

that the turbulence intensity at the flame front is approximately the same as the intensity at the
burner exit.
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Figure 9: PIV velocity data for the 20mm burner at a blockage ratio of 80% for Uy = 4m/s a) mean velocity
normalized by the centerline mean velocity at the burner exit b) RMS velocity normalized by the centerline
mean velocity at the burner exit.



Figure 10 presents typical 1-D turbulent power spectra at the burner centerline for several
blockage ratios at Up = 4 m/s for the 20mm burner diameter. The data were obtained from
autocorrelations of the LDV time series, described later. The spectra show a smooth roll-off
with increasing frequency, and that there are no discrete peaks, as desired. The graph shows that
the power spectrum values increases with blockage ratio.
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Figure 10: 1-D turbulent power spectra as a function of Strouhal number St for Uy = 4m/s at 3 different
blockage ratios for the 20mm burner diameter

Integral time scales, tin, were determined from autocorrelations of the centerline velocity
data. The autocorrelation function was determined from Equation (3) using the slotting technique

of Mayo [31] with the local normalization improvement described by Tummers[32]:
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width. Theintegral time scale was defined using the relationship:
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Because of the high uncertainties associated with the autocorrelation at large time lags
(because of itslow value), an exponential expression of the form ,p1 = gea® () wasfit to

the autocorrelation function and used to evaluate this integral, so that t iS given by Equation
(5). A typical result isshownin Figure 11.
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Figure 11: Autocorrelation coefficient plotted against normalized lag time for Uy = 4m/s, blockage ratio =
93%, 20mm burner diameter

These integral time scales were converted to integral length scales, lin;, using the relation
lint = tintUo, as per Taylors' hypothesis. Figure 12 summarizes the calculated |;/D values at mean
flow velocities of 4, 30, and 50 m/s at various blockage ratios. The data indicate that |;/D is
nearly constant at 30 and 50 m/s, and changes slightly with blockage ratio. These data show that
turbulence length scales are not varying with blockage gap width and therefore, that the
associated variations in turbulence intensity are at essentially constant integral length scale. The
tine values in the 4 m/s case are substantially higher in value and do indicate a somewhat higher
sensitivity to blockage ratio. It is assumed that this reflects a different characteristic of the

turbulence generator system at the much lower Reynolds numbers these data were obtained.
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Figure 12: Comparison of integral length scale (normalized by burner diameter) vs. blockage ratio at 4,
30, and 50m/s.

3.2. ImageAnalysis

Global consumption speeds were calculated using EqQ. (2), whose key measurement input
is progress variable surface area, K@. This section describes the approach used to determine this

surface area.

Digital images of the flame emission are captured with a 16-bit intensified charge-
coupled device (ICCD) camera with a resolution of 512 x 512 pixels and a 105 mm, f/4.5, UV
cameralens. The camera system is sensitive in the visible and ultraviolet regions (~220-650 nm)
and, hence, is capable of capturing both OH* and CO,* chemiluminescence. This is important
for high hydrogen content fuels since the OH* chemiluminescence associated with hydrogen
flames emitsin the UV range.

Line of sight images of the flame were obtained over 5 seconds and time-averaged; see
Figure 13(a). These averaged images are nearly symmetric about the centerline. The left and
right halves were then averaged and filtered with a 2-D median filter with a kernel size that is
less than 2% of the burner diameter. Note that other potential Bunsen flame Srcc measurement
approaches include Mie scattering [33-34] or OH-PLIF [35] measurements for flame
characterization. The resulting progress variable contours (described below) are equivalent for
the two methods, assuming that the OH-PLIF or Mie interface surface is equivalent to the
chemiluminescence flamelet surface [36-37]. This line-of-sight approach was used here,

however, because the OH-PLIF or Mie scattering technique does not capture flame surface



density in the out-of-plane direction and, as such, significantly underestimates it. The spatial
distribution of heat release is fully captured by aline of sight measurement.

To estimate the time-averaged flame brush location from the line-of-sight images, a
three-point Abel deconvolution scheme [38] was used; see Figure 13(b). The axia distribution of
the centerline intensity is then fit to a Gaussian curve, from which the location of the maximum
intensity isidentified. This point is associated with the most probable location of the flame, and
defined as the <c> = 0.5 progress variable contour. The estimated uncertainty in identifying this
point is 1-2%. The other progress variables were then defined by the following relation:

— (c)<05

©=1"", (6)
1—|— (c)>0.5

max

Straight lines are then drawn from this point to the two flame anchoring points and
rotated about the line of symmetry to generate a cone. The <c> = 0.5 surface isdrawn in Figure
13(b). This method was used to aid in comparing the results of this study with other data in the
literature where a similar method was used to determine the flame area (e.g., the “angle method”)

[33-34, 39].

— . [ S———

(@ (b)

Figure 13: Time averaged, line of sight flame images showing (a) background subtracted image, (b)
axisymmetric image and (c) Abel inverted image with <c> = 0.5 contour shown (d) plot of intensity as a
function of image height used to determine contours. The red and black lines represent the raw data and

fitted data respectively.
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From Figure 13 it is clear that the surface used to determi neA doesnot coincide with the
actual flame <c>=0.5 surface except at the centerline. However, this method was used to aid in
comparing the results of this study with other data in the literature where a similar method was

used to determine the flame area (e.g., the “angle method”) [24, 40] . In future publications we



will report the sensitivity of the results to this surface location; however, we believe that all
trends observed will remain unaltered.

As noted earlier, Srec is a function of the progress variable, <c>, used to define A .
Figure 14 plots the dependence of Srec upon the progress variable contour, <c>, at severd
H./CO ratios. As expected, Src decreases with increasing <c> value. This graph also shows
that the different H,/CO ratio flames have similar dependence upon <c> contour. It also shows,
however, that the highest H, mixture (90/10 mixture), does have the least sensitivity to <c>,
illustrating that the flame brush thickness is decreasing with increased H, content.
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Figure 14: Dependence of St ¢ value upon using different progress variable normalized by St gc<c>=05 as
a function of the progress variable for different H,/CO ratios at 50m/s and u’/S o = 22.5, and S, o =
0.34m/s.

The overal uncertainty in the estimated Src (as defined in this report) value is then
estimated to be 3%.



4. Results and Discussion

Two basic sets of tests were performed. Measurements of Sygc were obtained as a
function of u'/S o for 12 and 20 mm burner diameters at mean flow velocities from 4-50 m/s and
volumetric Ho/CO ratios from 30/70 — 90/10, keeping S o and reactant temperature fixed at 34
cm/s and 300 K respectively. § o was kept nominally constant by adjusting the stoichiometry at
each H,/CO ratio. Additionally, a CH,/air data set was obtained at the same S.o (¢ = 0.9). S
estimates were determined using the CHEMKIN software with the Davis H,/CO mechanism for
H2/CO mixtures [41] and GRI 3.0 for CHz/air [42]. Symbol type and color scheme for this data
set are summarized in Table 1 and Table 2.

The compl ete flame speed data set has been summarized in Figure 16 below.

Table 1: Legend used for the constant S, o data set for the 20mm burner at 1atm

Velocity (m/s)
4 10 30 50
o[ Q| ¢ [€ |0
£ 0|0O0|0 |0
7l d|4|d|d
o % | ¥ | % | ¥
cH, | *| + |+
Table 2: Legend used for the constant S o data set for the 12mm burner at 1atm
Velocity (m/s)
20 | 30 | 50
30 ¢ | O
£ 50 (o]
T 70 q | 4
50 * ¥

Global consumption speed measurements were also obtained at atmospheric pressure and
elevated preheat temperature of 600K for mean flow velocities ranging from 20m/s to 50m/s.
The constant S_ studies were conducted at S o = 2m/s so that the equivalence ratios were not

very lean.



Table 3: Legend used for the constant S, data set at T, = 600K for the 20mm burner at latm

Velocity (m/s)
20 30 50
Platm)| 1 5|1 5|1
ETU AT = + Fa'
£ 50 o |+
2 70 o+ x|a
g0 0 O | + »* Faiy

The second set of tests was performed by sweeping the equivalence ratio at constant
H./CO ratio values of 30/70 and 60/40 with the 20 mm burner. The symbol type and color

scheme used for this data set are summarized in Table 4.

Table 4: Legend for constant H, content equivalence ratio sweeps data for the 20mm burner

Velocity (m/s)
H, (o] a | 10| 30 | s0
059 | | Y| | A
30 0.7 3% | e | | Kk
8 | V|V V|V
oa [ PP PP
60 0.6 % X K
o2 | @O O 0

10°

»i')a'Z =1
broken reaction zones

corrugated flamelets

10" 10' 10° 10°

chﬁj

Figure 15: Borghi diagram showing location of data.



Figure 16: Flame speed measurements data set

Flame speed stretch sensitivities were also calculated using an opposed flow calculation
of two premixed flames with a nozzle separation distance of 20 mm, using the OPPDIF module
in CHEMKIN. From these calculations various properties of the strained values were extracted.
The S value reported here is defined as the minimum velocity just ahead of the reaction zone, as
suggested by Wu and Law [43]. The Markstein length, |y, was determined from the slope of the
linear fit in the low strain regime of the x vs. S curve. Extinction strain rates, xeq, Were
calculated using an arc length continuation method [44]. An example set of calculations for the
constant §_o mixtures are show in Figure 17, showing that the mixtures convergeto thesame S o
at x = 0. However, they clearly have different stretch sensitivities as quantified by the Markstein
length and extinction strain rates. These stretch sensitivities are used later in the flame speed

correlation section to facilitate analysis of these data.
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Figure 17: Stretch sensitivity calculations of constant S, o mixtures (see Table 1 for stoichiometry values
of each mixture).

4.1. H,/CO Sweepsat Constant S

This section presents data at various H,/CO ratios at nominally constant S o for 12mm
and 20mm burner diameters for inlet reactant mixture temperatures of 300K and 600K . Figure 18
and Figure 19 show plots of Syec/S. o for Ho/CO mixtures of 30/70, 50/50, 70/30, and 90/10 and
mean flow velocities of 4, 10, 30, and 50 m/s for a 20mm burner diameter and preheat
temperature of 600K. These two graphs plot the same data on a linear (Figure 18) and log
(Figure 19) scale. For a given fuel composition, Srgc increases monotonically with turbulence
intensity. Also note the dependence of Srgc on mean flow velocity. Each velocity result
appears to lie on its own curve which is parallél to the lower velocity case, but does not intersect
it a the same turbulence intensity. See Driscoll [10] for adiscussion of mean velocity effects.

The main observation from this data is the monotonically increasing value of Srgc with
H. levels. Moreover, the data indicate that these fuel effects persist even at very high turbulence
intensities.

Also included on these graphs are several measured or predicted Sy correlations. Some
caution should be exercised in comparing these with the data, because of the definition

dependence of Sr noted earlier. Bradley’ s equation [45] is given by:

S :1.52u—| (7



This is a theoretical result derived from considerations of the fractal characteristics of
high intensity turbulent flames. It was derived using theoretically and experimentally obtained
values for the fractal dimension and turbulent dissipation coefficients. As a result, the analysis
appears to lend itself to a local definition of turbulent flame speed such as Src or Srip. A
similar expression, derived from a different theoretical approach, was proposed by Anand and
Pope [46], with a constant of 1.5.

Schelkin’s expression [47] is given by:

i: ZOU_' , 05
34 0

Thisis also atheoretical result that most closely corresponds to Sy c or Sy p using Damkohler’s
approach to wrinkled flames where the turbulent structures are much larger than the laminar
flame thickness [45].

Y akhot [48] also developed the following theoretical expression, valid again for high
turbulence intensity flames using renormalization approaches. Again, this expression most
closely correspondsto Sy c or Srp.

%—exp@ﬁ / . ©

Kobayashi et al. [49] developed a correlation from experimental data for CHa/air and

CoHd/air turbulent Bunsen flames that included pressure effects.

S 2.9@Eu & | (10)
S 0

This value of S was based upon the <c> = 0.5 contour and corresponds to the global
consumption speed definition. Figure 18 and Figure 19 show that the correlation over-predicts
Srec for our CHy/air data, but generally follows the observed trend. One possibility for thisis
that the turbulence intensity quoted by Kobayashi et al. [34] is only the axial RMS, while



turbulence intensity used in the current study is the total RMS which includes axial as well as
radial and azimuthal components. Under the assumption that the turbulence intensity quoted by
Kobayashi only included axial RMS fluctuations and assuming they had isotropic turbulence,
their correlation was adjusted to include all three components of the RM S fluctuations. This new
curve fit is labeled “Kobayashi (isotropic)” in Figure 18 and Figure 19. In order to examine this
effect further, the relationship between our measured axial RM S and total RM S was found to be
ui=3,/ - This relationship was then used to again adjust the turbulence intensity values

reported by Kobayashi. This curveislabeled “Kobayashi (adjusted)”. As shown in Figure 18 and
Figure 19, both of the adjusted correlations under-predict the values found, however, the original
correlation of Kobayashi and the one adjusted for isotropic turbulence bracket the CH,4 values

obtained in this experiment.
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Figure 18: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'ims, Normalized by S, , at
various mean flow velocities and H,/CO ratios (linear plot).
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Figure 19: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'ims, Normalized by S, , at
various mean flow velocities and H,/CO ratios (log-log plot).

The effects of H, level upon Srec/S o at a fixed turbulence intensity is plotted in Figure
20. This graph shows an essentially linear dependence of Srec/S o upon H; levels in the fuel
over the investigated range. The point at 0% H, corresponds to the CH,4 flame. Note that the
difference in flame speeds between low and high H, flames for the H,/CO blends and the CH//air

and H,/CO/air flames is significant, being as large as two and three, respectively.
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Figure 20: St /S, o variation with H, content for u'yne/S o = 20 and 43 at S| o = 34 cm/s.

The data for the 12 mm burner at various H,/CO ratios at nominally constant S o for an
inlet reactant mixture temperature of 300K are summarized in Figure 21 and Figure 22, which
plot Srec/S o for Ho/CO blends at mean flow velocities of 20, 30, and 50 m/s. These two graphs
plot the same data on alinear (Figure 21) and log (Figure 22) scale.
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Figure 21: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'yns, Normalized by S, , at
various mean flow velocities and H,/CO ratios for the 12 mm burner (linear plot).
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Figure 22: Variations of turbulent flame speed, St gc, with turbulence intensity, u'yns, Normalized by S, ( at
various mean flow velocities and H,/CO ratios for the 12 mm burner (log plot).



From Figure 17 and Figure 20 the length scale sensitivity of the turbulent flame speed is
clearly seen. At a given fuel composition, turbulence intensity, and mean flow velocity the larger
burner diameter has a higher turbulent consumption speed. These differences are about 50% for
50 m/s and 60% for 30 m/s.

Although not the primary focus of this study, the mean flow dependencies at a given fuel
composition are worthy of mention. First, these data clearly show the well known dependence of
Srcc upon Uy, afact highlighted in [10, 50]. Each velocity result appears to lie on its own curve,
which is parallel to the lower velocity case, but does not intersect it at the same turbulence
intensity. This is particularly evident for u/, /S0 =10at Up = 10 and 30 n/s, and u/, /S 0= 5
for Up = 4 and 10 m/s where S;c/S o differs by 100% and 36% for the 90% H, mixture,
respectively. This mean flow dependence is less obvious at the u/,, /S o = 23 case between the Ug

= 30 and 50 m/s cases, presumably because the fractional variation in Ug is much smaller in this
case.

In addition to the atmospheric, non-preheated data presented thus far, turbulent flame
speed data has al'so been taken at preheat conditions with an inlet mixture temperature of T, =
600K. The data, presented in Figure 23, are for mean flow velocities of 30 and 50 m/s and a
fixed laminar flame speed of S o = 200 cm/s. The laminar flame speed was increased in order to
keep the equivalence ratio from becoming very lean. As before, the turbulent flame speed is a
function of fuel composition, with increasing Srec as H» percentage increases. The data tend to
be in the lower turbulence intensity regime, which is mainly due to the increased S o and lower

mass flow rates for a given mean flow velocity.
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Figure 23: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'yns Nnormalized by S, ( at
various mean flow velocities and H,/CO ratios for a preheat temperature of 600 K.

4.2. Equivalence Ratio Sweeps

In order to determine the effect of varying S o at fixed H; fractions, equivalence ratio
sweeps were also performed at fixed H, contents of 30 and 60% for three equivalence ratios
using the 20 mm burner diameter. The symbols used for Figure 24 through Figure 27 are
presented in Table 4. Figure 24 and Figure 25 show the results for a 60% H, mixture at ¢ = 0.4,
0.6, 0.8 for mean flow velocities of 4, 10, 30, and 50 m/s. Note that S o is not held nominally

constant for these data, asit was in the prior section.
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Figure 24: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'yns, Normalized by S, at
various mean flow velocities and equivalence ratios at a fixed H, content of 60% (linear plot).
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Figure 25: Variations of turbulent flame speed, St ¢, with turbulence intensity, U'r,s, Normalized by S, , for
various mean flow velocities and equivalence ratios at a fixed H, content of 60% (log-log plot).



As in Figure 18 and Figure 19, the Sr correlations discussed above have also been
plotted. From Figure 25, which is the log-log version of Figure 24, it is seen that the data
generally fall within the band formed by the correlations given by Equation (7) and Equation (9).
Furthermore, the slope of the data seems to agree quite well with Kobayashi’s correlation, given
by Equation (11), particularly at the low to intermediate u’'/S_o ranges.

Figure 26 shows the results for a 30% H, mixture at ¢ = 0.59, 0.7, 0.8 for mean flow
velocities of 4, 10, 30, and 50 m/s, for the 20mm burner diameter and inlet reactant mixture
temperature of 300K.
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Figure 26: Variations of turbulent flame speed, St ¢, with turbulence intensity, u'ims, Normalized by S, , at
various mean flow velocities and equivalence ratios at a fixed H, content of 30% (linear plot).
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Figure 27: Variations of turbulent flame speed, St ¢, with turbulence intensity, u’yns, Normalized by S, at
various mean flow velocities and equivalence ratios at a fixed H, content of 30% (log-log plot).

Again from Figure 27, it can be seen the data generally fall within the band created by the
stretch-free correlations. Furthermore, since the u' /S o range investigated with the 30/70
H,/CO mixture is smaller, it is easier to see that the correlation given by Equation (9) is aclose
match.

5. Analysis of Flame Speed Data

These data are consistent with prior studies showing that stretch sensitivity of the
reactants has an important impact on the turbulent flame speed [9-10]. This point is shown in
Figure 28, which plots the dependence of Srec/S o of the data reported in this paper upon
caculated Markstein length of the reactants, Iy (see Figure 28), a two different turbulence

intensities for the constant S o studies. The point located at Iy = -0.02 for u/, /S o = 20

corresponds to the methane-air mixture at @ = 0.9. Note the monotonically increasing value of
Srec with |lm]. Also the difference in flame speeds between low and high H, flames for the
H./CO blends and the CHJ/air and H,/CO/air flames is significant, being as large as two and

three, respectively.
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Figure 28: Dependence of St ec/Si o upon Markstein length, ly, foru . /S o =20 and 43 at S_ o = 0.34
m/s.

A common approach for scaling turbulent flame speeds is to use the consumption based
definition [10]:

(%)
=1—" (1)
> A
Or, by introducing the stretch factor, 1o [51-52]:
9 )
=— (12)
> A

For stretch insensitive flames, the | factor equals unity, leading to the classical Sy scaling
described by Damkohler [53]. For stretch sensitive flames, one is left with the function <1pA>,
which requires understanding the correlation between local flame speed and flame area.
Assuming that these functions are uncorrelated, i.e., that <IpA> = <lg><A> leads to the
erroneous prediction that the mixture's stretch sensitivity should not influence Sy [54]. This
prediction follows from measurements and computations which show that the flame curvature
PDF is roughly symmetric about x= 0 [55-58], implying that regions of enhanced and
diminished local consumption rate should roughly cancel and, thus, that <lo> ~ 1. Hydrodynamic
strain, which is not symmetric about x = 0 [57-59] does introduce a non-unity <ly> value, but it
seems unlikely that this effect is significant enough to explain the appreciable fuel effects

reported here and in the literature.



However, it can easily be seen that assuming uncorrelated A and o passes over key
physics. in particular, there are implicit |y effects in the <A> term because the local flame speed
and area are highly correlated. For example, if the positively curved leading point of the flame
has a higher local flame speed, it will propagate at a faster speed into the unburned reactants,
increasing flame area accordingly. In the same way, the slower, negatively curved trailing point
of the flame will lag backwards, also increasing flame area.

Given the implicit presence of the Ip term in the <A> term, modeling approaches based
upon leading points concepts [9, 22-23] may be more useful for explicitly bringing out stretch
sensitivity effects. The leading points are roughly defined as the necessarily positively curved
points on the turbulent flame front that propagate farthest into the reactants. It has been argued
that the propagation speed of these points with respect to the average flow velocity control the
overall turbulent flame speed [23]. As a result, fuel/air mixtures with negative Markstein
numbers will have enhanced laminar flame speeds at the positively curved leading points,
resulting in larger displacement speeds. This basic leading points argument can be readily
understood from the simple model problem of a flat flame propagating into a spatially varying
velocity field with zero mean flow velocity, as depicted in Figure 29.

Flame

Figure 29: Model problem of a flat flame propagating into a spatially varying flow field.

If we assume that § remains constant, then it is seen that the portion of the flame at the
lowest velocity point propagates out the fastest. In the lab-fixed coordinate system, the flame at
Point B moves at a speed of § + (4u)_p, Where the subscript “LP” denotes the leading point.
Moreover, it can easily be shown by a front tracking computation that, after an initial transient,
the entire front reaches a stationary shape and propagation speed which has the same value; i.e.,
S =S + (4u).p. As such, the overall displacement speed is controlled by the leading points of



the flame that propagate into the lowest velocity regions ahead of the flame. Note also that the
flame area would increase as well, but this is an effect of the higher displacement speed, not the
cause.

In reality, the positively curved leading point of the flame will have an atered flame
speed, (S)p=S o+t (q)LP , Where (q)LP is the modification of the un-stretched laminar flame

speed at the leading point, because of the mixtures nonzero Markstein length. If the mixture has a
negative Markstein number, then the flame speed at this point will further increase, causing an
increase in curvature, further increasing the local flame speed. Thisis, in essence, a restatement
of the fact that such negative Markstein length mixtures are thermo-diffusively unstable [11]. As
a result, the above expression can be modified to take into account the flame speed
augmentation:

%ﬁ'ﬂé ( ')LPLP( ) (13)

The key difference to note from this scaling approach relative to Eq. (8) is that this
focuses on alocal flame characteristic — namely the positively curved leading point — as opposed

to some global average, <1pA>, which obscures the stretch effect.

The key problem lies in scaling (Sﬁ)m . If the positively curved leading point is weakly
stretched, then (), ~ Imxip. This switches the problem to scaling the strain statistics

conditioned on the leading point of the flame, xip, an important fundamental problem in
turbulent combustion; see Lipatnikov and Chomiak [9] for discussion. Since the investigated
mixtures are thermo-diffusively unstable, the k<=0, S = § o points are ‘repelling’ points in flame
strain rate space. In other words, any perturbation of a flat flame will grow, causing an increase
in curvature of the positively curved leading edge of the flame. Thisincrease in curvature causes
afurther increase in flame speed and, therefore, a further increase in curvature, see Figure 30. In
fact, as will be shown more rigorously in the subsequent discussion, S =S ux IS a steady-state
‘attracting’ point for a positively curved wrinkle. Moreover, the flame speed at the leading point,
(S)Lpisbounded by S jex Valug; i.e., S max > (S)p > S 0. For an opposed flow flame, S mx Can
be directly extracted from the simulations shown in Figure 17. For example, this leads to the
following inequality for the 30% H, blend: 95 cm/s > (S.).p > 34 cnv/s.
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Figure 30: Example plot showing the ‘attracting’ nature of S| yax

Substituting this S max value in for (S)p and writing (4u).p as u, , leads to the
following:
He g (14)
%nax,max

Note that thisis nearly identical to Damkohler’s classical result [53] where S. has been

replaced by § max and U’ by y, . Also note that by using y, , the mean flow dependence

b
discussed earlier is implicitly included in the model since the evolution of the turbulence
between the burner exit and the flame front will be determined by a convective time scale that is
controlled by the mean flow velocity [10].

On the basis of the scaling derived above, al the Sy gc data presented above are replotted
using the § max normalization. Because of the mean flow dependencies noted earlier, we plot this
datafirst at fixed flow velocities.
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Figure 31: Variations of the turbulent flame speed, St ac, with turbulence intensity y, . normalized by

St max Of both constant S, o and equivalence ratio sweep studies for 20 mm burner grouped by mean flow
velocities (a) 4 m/s (b) 10 m/s (c) 30 m/s (d) 50 m/s. ( See Table 1 and Table 4 for legend )

Figure 26 shows that the data collapses generally well across all the mean flow velocities.
There is some scatter that in the 4 m/s data that largely disappears at the higher flow velocities.
Also, note that the 30 m/s CHj/air data does not collapse with the H,/CO data set while it
collapses at 10 m/sand 4 m/s.

Figure 32 plots the entire 20 mm burner data set, which contains both the constant S o
studies and the equivalence ratio sweep studies, while Figure 33 displays the renormalized 12
mm burner data.
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Figure 32: S| nax Normalized St ¢ data for the 20 mm burner including constant S, o and equivalence ratio
sweep studies (see Table 1 and Table 4 for legend )
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Figure 33: S_ nax Normalized St gc data for the 12 mm burner for constant S, o studies ( see Table 2 for
legend)

From Figure 32 and Figure 33 it is clear that both data sets collapse very well, with the
exception of the 30 m/s CH, data. In fact for the 20 mm constant S o data set, the variation in the
normalized turbulent flame speed values for the 30/70 to 90/10 reduced from 50% to about 10%
(for the 50 m/s case) between Figure 18 and Figure 32. Larger disparities (about 50% at

u§&/ e 12.5) are seen between the H,/CO data and CH,4 data. This scatter and some

caveats are discussed further in the following paragraphs.
First, some scatter is inevitable as the ke and S max Value are not constants for a given
mixture but depends upon the strain profile the flame is subjected to [60] and the relative amount

of curvature versus hydrodynamic induced flame stretch. For example, repeating these



calculations using nozzle separation distances ranging from 10 to 40 mm causes variations in
S mex Of 5% for the 30/70 H,/CO mixture. Moreover, this § nex value is a function of the
experimental configuration — in the opposed flow configuration, it is closely related to reaction
zone impingement on the stagnation plane so that complete reaction is not possible [11].
Presumably, the S max at the leading point of the turbulent flame brush would be related to the
strain rate associated with the highly curved leading edge, whose radius of curvature is bounded
by the flame thickness.

Second, the local burning velocity at the leading point, (S.).p is not identically equal to
S nex; rather, S max is sSimply an upper bound of an inequality. The reason that the S ux
correlation appears to work quite well because it can be shown that it is an attracting point and,
in the “quasi-steady” limit where the turbulence evolves very slowly relative to the time scale
over which the flame can adjust its position, that (S).p will tend toward S x. This point was
made heuristically above, but it can also be shown formally by considering the following level
set equation describing the flame’ s spatio-temporal dynamics,

C G
ot

| (15)

Thisisasuitable model for the flame's dynamics, as Figure 17 shows that the datafalls primarily
in the corrugated flamelets and thin reaction zone regimes. This equation can be treated
analytically in the low turbulence intensity limit, where the flame position is a single-valued

function of some coordinate G = y - (X, t), as shown in Figure 34 below.

Vs

G=y-&(x,t)

=X

Figure 34: Coordinate system defining the instantaneous flame location, &(x, t).



Writing the stretch sensitive flame speed as §. = S o[1 + f(x)], we obtain:

_%_ 65 V=5, [1+f(x)][1+[ ‘szr (16)

Differentiating this expression with respect to x, and substituting g for J&/Jx:

g o0

B Lugp s,

of ok
ot ox )M

——+SL [1+ f(z()] j/ 8x (17)

A necessary condition for leading points, located at the points, x.p, is that g(x.p, t) = 0 and
A(Xp, t)/X < 0. We can determine the asymptotic tendencies of these leading points in a

quiescent medium by taking the steady state limit of this equation by setting YA =0and U =V

= 0. Furthermore, by explicitly writing the curvature induced strain, «, as L@xﬂ Equation
+9°)
(17) can then be expressed as:
32 52 ( 0Q ?
0=+ gJ (1 2)’ —39$(1+ g2 ) [a_;] }
(18)

+30 [1+f(K)] )1/ 8x

Setting gs = 0 shows that the following necessary condition is satisfied at the |eading point:

of &gy
Ok OX*

=0 (19)

Equation (19) shows that the steady state leading points must occur where 4/dx = 0,
which coincides with the location of § = S_max. Physical arguments can also be used to show
that thisis a stable attracting point if &f/6k” < 0, and that &y/k < 0 at this &/Jk = 0 point.

The above analysis clearly shows that equating (S).p With S_max IS @ppropriate in the
“quasi-steady” limit of slow turbulent fluctuations. In reality, the leading points continuously

evolve in time, as the character of the turbulent fluctuations change, causing points to move back



and forth, with the leading points at a given instant approximately corresponding to the points of
local minimum in velocity. Further analysisis needed to understand these unsteady effects.

From the derivation of the Equation (14), it is evident that this scaling may be more
suitable for alocal displacement turbulent flame speed definition.

Finally, note that the Srcc data reported here by virtue of Equation (2) necessarily
average over potentially significant variationsin local flame speeds whereas the scaling shown in
Equation (14) is essentially valid at a single point on the instantaneous flame front. As a resullt,
adjustments to suitably average over a spatially developing flow field and flame brush are
required. Nonetheless, the very good collapse of the large data set obtained here provides strong
evidence for the basic validity of the scaling argument shown in Equation (14). Note that this
argument will need revisiting for Iy > 0 flames, where the attracting point argument discussed

above requires modification.

6. Conclusions

This report outlines the key data-sets and results obtained during the course of this three-
year project involved with making turbulent flame speed measurements of H,/CO fuel blends.
Flame speed measurements were obtained for atmospheric H,/CO blends for mean flow
velocities and turbulence intensities of 4<Up<50 and 1<u’;mdS o <100 respectively for H, fuel
contents of 30% to 90% by volume. Furthermore, the influence of turbulent length scales were
investigated by making measurements using 12mm and 20mm burner diameters, and the
influence of reactant temperatures were also investigated by taking measurements at 300K and
600K preheat temperatures.

These data clearly corroborate results from other studies that show significant sensitivity
of Srcc to fuel composition. For example, Src in the 90% H, case is 3 times larger than the ¢ =
0.9 CHz/air mixture with the same S ,o value. An important conclusion from this work is that fuel
effects on Srec highlighted above are not simply a low turbulence intensity phenomenon — they
clearly persist over the entire range of turbulence intensities used in the measurements.

It is believed that observed fuel effects are due to the reactant mixture stretch sensitivity,
which has a strong effect on the positively strained leading points of the turbulent flame brush
for non-zero Markstein length fuels. These leading points propagate at a rate equal to the
turbulent displacement speed. We showed that leading point concepts lead to a scaling law that



collapses much of the data. Furthermore, modeling the instantaneous flame front using the G-

equation, we were also able to show that the flame speed at the leading point always tends

towards S_max in a quasi-steady flow, validating the choice of S nax as parameter to correlate the
Srcc data.
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