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1. Introduction

In next generation low emission/low fuel consumption devices such as gas turbines and direct injection engines,
combustion occurs within a partially premixed turbulent regime. In such cases, idealized models for premixed and
non-premixed combustion do not accurately depict flame front behaviour where variations in fuel concentration
affect local flame structure, propagation velocity, wrinkling, thickness, flammability limits, and heat release. It is
therefore necessary to build an experimental database in order to identify the effects of stratification on flame
properties in a turbulent flow field.

Several recent studies have been performed on freely propagating flames [1-5], where the mixture is centrally
ignited and propagates parallel to the mixture fraction. The majority of these studies focussed on increasing
flammability limits. Although some results remain contradictory, it has been argued that heat and radicals from the
burnt richer region feed the leaner region, and enhance its resistance to extinction. This is often referred to as “back
support” or a “memory effect” [1-3] in that combustion, and more specifically the laminar flame speed, is not
determined strictly by the reactant properties, but also by the composition and temperature of the burnt gas. Several
other works have considered rod stabilized V-flames [6-10], where the leading branches propagate transversely to a
gradient in mixture fraction, as is the case in the current study. The primary emphasis of these studies was to
investigate dynamic properties of the flames including curvature, flame surface density, and heat release. Results
have shown limited effects on curvature [6] whereas increased values in flame surface density have been observed.
It has also been shown that the length scales of the mixture fraction have a significant effect on wrinkling and
propagation velocity [4].
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premixed combustion through the use of a unique burner that
enables variation of mixture fraction longitudinally along a
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stratified combustion devices. A PLIF imaging setup that ’
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2. Experimental setup
A 65mm x 15mm rectangular exit burner was designed that
permits controlled variation of the mixture fraction gradient ®,>1

for local equivalence ratios ranging from 0 to 2 along the long

axis of the burner. The mixture fraction and mean flow
Figure 1. Stratified Burner with Laser Sheet
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velocity can be independently controlled using two pairs of
fuel and air mass flow controllers. A more detailed
description is provided in [11]. A partially premixed
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isooctane/air V-flame is stabilized with a 1.5 mm diameter rod placed perpendicularly to the exit nozzle of the
burner. The stabilized partially premixed flame consists of two leading premixed branches and a trailing diffusion
branch. The rod is positioned at x=16.5 mm from the inner edge on the rich side of the exit nozzle such that a
continuous stratified flame front is present along the long axis of the rectangular burner, and the equivalence ratio
along the flow centerline is approximately constant for all flame configurations (shown in Figure 1 as the
stoichiometric streamline). Six flames were considered by increasing the equivalence ratio from 1 to 2 on the “rich”
end of the burner, while decreasing from 1 to 0 on the lean end, in equivalence ratio steps of 0.2. For all tests, the
average equivalence ratio over the burner exit plane was fixed at 1.0 and the mean flow velocity was fixed at 5 m/s.

OH/3-pentanone PLIF was performed using a Sirah Precision Scan Rhodamine B dye laser pumped by a frequency
doubled Nd:YAG laser. Both were excited at 282nm (11mJ, 6ns) within a 15mm x 200um laser sheet.
Fluorescence images were captured by a 384x576 gated ICCD equipped with a Nikkor 105mm UV lens and UG
308nm HP filter to reject Raleigh scattering. Formaldehyde (CH,O) PLIF images were recorded on a second
384x576 gated ICCD equipped with the same lens and a 355nm dichroic. A frequency tripled Quanta Ray YAG
excites the CH,0 at 355nm (broadband, 7 ns) with a pulse energy of 300mJ and 3% standard deviation. Both laser
sheets were collinear and pulses were monitored using a DG535 Stanford pulse generator to achieve the necessary
pulse/gate synchronization and 200nsec delay between OH and CH,O acquisitions. The PLIF images were recorded
with a projected spatial resolution of 0.131 pm/pixel, giving a good compromise between resolution, field of view
imaging area, and laser sheet thickness. The laser diagnostic setup for simultaneous OH, CH,0, and 3-pentanone
PLIF, is presented in Figure 2.
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Figure 2. Planar Laser Induced
Fluorescence Setup for 3-Pentanone OH/3-pentanone ICCD
and Simultaneous OH/CH,0 Imaging
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3. Results and Discussion

The equivalence ratio gradient for each of the six flow settings under non-reacting conditions was characterised
using 3-pentanone PLIF by seeding the isooctane with 3-pentanone at 4% by volume. One hundred individual
images were acquired for each flame configuration. Images were then background corrected and cropped to only
consider the most uniform region of the laser energy profile. Figures 3 a) and b) show the averaged homogeneous
(¢=1) and stratified (A¢~0.032/mm) cases used to obtain the profiles in 3 c) by summing the rows in these images.
Figure 3 demonstrates the constant equivalence ratio along the stoichiometric streamline where all profiles intersect,
which coincides with the center of the region of interest discussed in the following sections.
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Figure 3. Equivalence Ratio Gradients for Six Flame Settings from 3-pentanone tracer PLIF

3.1 OH PLIF image description

300 images were acquired for each of the six flame configurations. Figure 4 shows typical single shot OH and
CH,0 PLIF for each case along with the corresponding heat release map. The CH,O images were first registered to
the OH images using a 90 point target to spatially match each pixel of the OH and CH,O images. This ensures the
OH and CH,O contours coincide and improves the accuracy of the heat release results. Images were then corrected
for variations in background and laser energy profile before a threshold was applied.
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Figure 4. Instantaneous images of a) OH PLIF, b) CH,O PLIF, and c) Heat Release

Figure 4a) compares a set of typical OH images for flames in varied mixture fraction gradients ranging from fully
premixed to severely stratified. The OH radicals formed in the high temperature combustion zones are a marker for
burnt gases and the “hot zone” in the flame front. In the homogeneous case, the OH appears throughout the burnt
gases with higher fluorescence intensity near the boundary in areas of positive curvature, propagating towards the
unburned mixture. It is suggested that this may be an indicator of higher heat release due to a strong production of
OH radicals at high temperatures. It is also observed that the fluorescence intensity decreases away from the flame



front. In the homogeneous case, this is caused
by lower temperatures present in the center of 30
the flame. However, when a mixture gradient
is applied to the flame front, OH
concentrations seem to decrease more severely
between premixed branches. This is more
prominent as stratification increases.
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Figure 5 shows average OH profiles across
both flame fronts with the left premixed
branch  (the  branch  spanning  the
stoichiometric contour) identified with the
outlined box. These profiles clearly show a
drastic decrease in the amplitude of OH in the
both flame branches, as the gradient in
intensified as would be suggested by the more
corrugated flame front for greater mixture 375 225
gradients. This induces an increase in the Y [mm]
flame surface density that can lead to local
extinctions. Specific to the stratified flames, a
weak diffusion flame occurs along the
stoichiometric streamline which may also be enhanced by the presence of local extinctions in the premixed fronts.
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Figure 5. OH Profiles for Six Flame Settings

3.2 CH,0 PLIF and heat release image description

Figure 4b) confirms that formaldehyde generally follows the same outline as for OH PLIF. Formaldehyde is
produced in the initial oxidation reaction i.e. at low temperatures in the early steps of hydrocarbon combustion and
is therefore a marker of low temperature combustion zones and a good indicator of the cold limit of the flame front.
Under stoichiometric conditions, the boundary of the flame front is very thin compared to that of the rich region as
the thickness of the CH,O front increases with local equivalence ratio. Figure 4b) also shows that the formaldehyde
contours more closely match those of OH along the stochiometric spanning front than the rich front, particularly in
the homogeneous and mildly stratified cases. In fact, formaldehyde is destroyed to form HCO as it combines with
OH radicals through CH,O + OH - HCO + H,O (A), a reaction that is a major contributor to heat release in the
combustion process. On the branch spanning the stochiometric contour, CH,O meets excess OH radicals and
rapidly combines to form HCO. Alternatively, on the rich branch, reaction (A) is not the major pathway for
destroying CH,O such that the OH and CH,O fronts no longer match, making the OH x CH,O product a less
accurate marker of heat release in rich flames. The following discussion will consequently focus on the branch of
the flame that spans the stoichiometric contour.

The outlined sections in Figure 4a) represent a 4mm wide region of interest (ROI) that is centered along the
stoichiometric streamline, such that the equivalence ratio is assumed constant at ¢=~1. Within this window, it is
observed that as the mixture gradient increases, the coincidence between OH and CH,O fronts decreases, and the
amount of CH,O present outside the flame front increases. Specifically, the CH,O becomes more diffuse for
stronger gradients and suggests the presence of local extinctions, which are identified by regions of no heat release,
or where OH and CH,O are not both present. It is therefore proposed that a relation exists between the local heat
release in 4¢) and the amount of unbunrt CH,O along the flame front. Further studies will attempt to correlate these
two parameters by relating the local concentration of CH,O to that of heat release.

In Figure 4c), maximum heat release is observed along the flame front at locations were OH fluorescence was
highest, and seems unaffected by the increase in mixture gradient. The most significant change is observed in areas
where CH,O is diffuse and local heat release is very low. As the gradient increases, these low heat release areas
tend to fade, and eventually disappear, suggesting flame extinction. These results suggest that the mixture fraction
gradient decreases the minima of heat release along the flame front, but has limited affect on the maxima of heat
release.



3.3 Flame Front Density and Heat Release

Flame surface density (FSD), defined here as the 2D flame front length divided by the flame front area, is obtained
from processed OH PLIF images. A Frei-Chen gradient filter [12] is applied to each set of 300 individual images to
obtain a map of the burnt gases. The results are averaged and the mean FSD is obtained for the previously discussed
ROI for all six flames. Results are plotted in terms of the progress variable for cases where the ROI crossed the
entire flame front and the progress variable ranged from 0 to 1.
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Figure 6. Flame Surface Density of OH for premixed and mildly stratified flames

Figure 6 shows skewed bell shaped curves for FSD with a maximum between 0.6 to 0.7. Results shows that FSD
increases significantly with increasing mixture fraction. Results are in good agreement with those of Filho ef al.[6]
who studied globally lean (¢=073) stratified turbulent methane/air V-flames. This result is further supported by the
increased wrinkling that was observed for steeper gradients in the OH PLIF images. Figure 7 presents average heat
release images of the stoichiometric branch and suggests a decrease in heat release as the mixture fraction increases.

g~1 Ag =0.006mm™"
Ag=0.013mm™" Ap=0.019mm™
Ag=0.025mm™" Ag=0.032mm™"

-

Figure 7. Mean Heat Release along Stoichiometric Branch



4. Conclusion

Six mixture fraction gradients have been applied to a globally stoichiometric isooctane-air flame front to study
gradient effects on flame surface density and heat release. A PLIF imaging setup that images OH, CH,0, and 3-
Pentanone was implemented so that heat release could be measured from simultaneous OH and CH,O images. It
has been demonstrated that an increase in mixture fraction increases flame surface density for mildly stratified cases.
In the present experiments, it was not possible to evaluate the effects of steeper gradients since the flame moved too
far in the imaged PLIF interrogation window to permit accurate flame surface density measurements. The
concentration of formaldehyde varies with gradient as instantaneous images show less and less coincidence between
the OH and CH,O contours, as well as the appearance of “blurred” CH,O regions for stronger mixture fractions.
Coupled with the heat release images, this suggests a relation between the regions of unburnt CH,O and the presence
of local extinctions along the flame front. It is hoped that this can further be correlated to heat release by associating
local heat release to CH,O concentrations.
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