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Abstract The effect of pressure on the characteristics of syngas flames is investigated un-
der gas turbine relevant conditions using planar laser induced fluorescence of OH radicals
and OH* chemiluminescence imaging. An optically accessible combustor fitted with a swirl
burner was operated with two different syngas mixtures, preheated air at 700 K, and pres-
sures ranging from 5 to 20 bars. The thermal load varied from 15 to 25 kW/bar at an equiv-
alence ratios 0.5. The OH-PLIF measurements show that the flames under all conditions

exhibited two reaction fronts, one at the shear layer between the inner recirculation zone
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and the fuel inlet, and one between the fuel inlet and the air nozzle. The more or less con-
tinuous reaction front at low pressure turned into a highly corrugated flame front at higher
pressures, with isolated regions of ignition and extinction. The probability density distribu-
tion of the flame curvature for the mixtures studied showed that the inner and outer flame
responded differently to the pressure increase, with the mean curvature magnitude also de-
pending on the mixture composition and thermal |oad. The measurements clearly shows the
limitations associated with the use of OH* chemiluminescence images as a marker for the

heat release rate especially in case of syngas mixtures.

Keywords Syngas fuels - gas turbine combustion - Laser Induced Fluorescence -

chemiluminescence - flame curvatures

1 Introduction

Cod is one of the most polluting energy sources with respect to nitrogen oxides, sulphur
oxides, and particul ate matter emissions. It is also the most carbon intensive energy source.
It is therefore imperative for us to develop more energy efficient coal technology to min-
imise the harmful pollutant emissions. One of the emerging clean coal technologies is the
integrated gasification combined cycle (IGCC). The process involves reformation of car-
bon rich fossil fuel like coal in a pre-combustion phase via coal gasification to produce
hydrogen-rich synthesis gas (syngas) and a high concentration of CO,. The high CO; con-
centration helps in improving the operational efficiency of CO, post combustion separation
units using an amine-process [1]. The syngas mixture can be used to power conventional
gas- and/or steam-turbine power plants. One critical problem with syngas combustion isthe
lack of available data that describe the combustion properties of such mixtures. The diverse

composition of syngas, which consist of CO, Hp, CH4, CO,, H,O and various trace in dif-



ferent concentration, leads to significant variations in combustion properties. The specific
composition depends on the fuel source and the processing techniques. Information about
fundamental properties like flame speed, reactivity, and ignition delay timesisvital asthese
influence the key combustion characteristics such as flame spatia distribution, flash back,
and blowoff. The ability to predict combustion propertieslike flammability range, flame pro-
pogation speed, and combustion products of engines running on syngas fuels will thus be
difficult without adequate information in the form of experimental and numerical databases.

For technical combustors like those in gas turbines, reliable experimental data and val-
idated models at high pressures are mandatory. While there is a considerable amount of
data available on syngas mixtures at atmospheric and low pressures [2-5], data available
on technically relevant high pressure conditions are sparse. Under laminar boundary condi-
tions, both GRI [6] and H2/CO mechanism from Daviset a. [ 7] reproduced the experimental
results reasonably well. Laminar flame speed, which is one of the fundamenta properties
characterizing a combustible mixture at a given temperature, pressure, and composition, of
syngas mixtures has been measured [8] and modeled up to 40 atmospheres by Sun et al [9].
Natargjan et a. reported the influence of preheat temperature [10] and CO; dilution [11]
on Hy/CO mixtures at elevated pressures both experimentally and numerically. Sung et al.
conducted experimental and numerical investigation on the ignition and flame propagation
characteristics of Ho/CO mixtures at elevated pressures to identify the controlling reactions
in the Ho/CO kinetics [12].

However, there are not many research works, either experimental or computational, per-
formed to understand the behaviour of turbulent syngas flames operating in lean regimes
and high pressures such as in gas turbines. The current study, conducted at the German
Aerospace Center (DLR) in Stuttgart, investigates the effects of pressure on flame character-

isticsunder gasturbine relevant conditions. Thelong term goal isto devel op numerical simu-



lation codes to predict the combustion properties of syngas fuels under such conditions. The
project is part of the research project VESKO (" Verbrennung von Synthesegas aus Kohle in
Gasturbinen”) funded by the German Federal Ministry of Economics and Technology. The
diagnostic methods employed in this study include planar laser-induced fluorescence of the
hydroxyl radical (OH-PLIF) and chemiluminescence imaging of the electronically excited
OH radical (OH*). The OH* images provided information about the size and shape of the
heat release zones, whereas the OH-PLIF images were used to identify the reaction zones
and the regions of burned gas[13, 14]. The experimental data generated are used for valida-
tion and optimisation of numerical simulation codes [15], and are a continuation of similar

investigations conducted at atmospheric conditions [16].

2 Experimental Facility

2.1 Burner Geometry and High Pressure Test Facility

The gaseous fuelled swirl-flame burner (Fig. 1) used for the current research was devel oped
at the University of Twente [17] and is described in detail elsewhere [16,18]. It consists of
adua-annular nozzle with acircular bluff body of diameter 10 mm located along its central
axis. The fuel nozzle (@ = 14 mm) surrounds the bluff body and is surrounded in turn by the
annular air nozzle (i.d. = 16 mm, o.d. = 30 mm). Both the fuel and air flows are swirled by
radial swirlers. The flames were confined by a combustion chamber with a cross section of
85 X 85 mm and a height of 120 mm. Four quartz plates held by postsin the corners enabled
almost unrestricted optical access to the flame. For the pressurized experiments (p up to
20 bar), the posts, front plate, and exhaust section were water cooled. The gases for the fuel
mixtures (H2,CH4, CO, and N») were metered individually and mixed in-line before being

supplied to the burner.
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Fig. 1 Schematic of the burner with air inlet (blue), fuel inlet (red) and combustion chamber. The inner tube
was not used in this experiment. The inner and outer recirculation zones of the flow field are indicated by irz

and orz respectively.

The burner wasinstalled in an optically accessible high pressure test facility (HBK-S) at
the Institute of Combustion Technology in Stuttgart. Thermocouples and probes at different
locations of the test rig were used to measure the temperature and pressure (absolute and
differential) respectively, at different locations of the test rig during the tests. The main
air, supplied from a compressor, was electrically preheated to the required experimental
conditions before entering the combustion chamber. The air flows into the pressure vessel
from downstream of the combustor and passes the outer surface of the combustion chamber
in order to cool the windows before it is supplied to the burner. Orifice flow meters and
high precision Coriolis flow meters were used to regulate the main air and fuel flow rates

respectively.



2.2 Operating Conditions

In the current paper, flames with two different mixtures are investigated. The main fuel
components were H, and N2, and the minor components were CO and CHy. The mixture

compositions of the investigated gases are shown in Table. 1

Table 1 Fuel gas composition in volume fractions.

Fuel type | CHy Ho Cco N> kIm3

E5 0.00 | 4254 | 237 | 55.09 | 4874

E6 3.66 | 45.63 | 0.44 | 50.27 | 6295

These represent the hydrogen rich syngases that are produced after the gasification of
lignite or coal, followed by a CO shift reaction and sequestration of CO,. The high N»
content in the mixture stems from the blending of nitrogen in the gasification air with the
fuel gas.

The flow conditions (pressure, flow velocites, flow rates) corresponding to the different
flames reported in this paper arelisted in Table. 2. Experiments were performed at an equiv-
ilance ratio ¢ = 0.5 and the total thermal power varied between 75 kW and 500 kW. The
inlet temperature of the fuel and air were 295 K and 700 K respectively. Further information

about the velocity field inside the combustor can be found in [16, 18].

2.3 Experimental Set-up and Diagnostic Methods

Figure 2 shows the schematic of the diagnostic set-up used for the measurements. The di-
agnostic methods employed are OH* (electronically excited) chemiluminescence imaging

and Planar Laser Induced Fluorescence of the hydroxyl radical (OH-PLIF). OH* imagesare



Table 2 Flame parameters.

Fuel type Pin p Viue | Vair | McH, | M, | Moo | M, Meir
(kwWibar) | (bar) | (m/s) | (m/s) | (dfs) | (d/s) | (g/s) | (9/9) | (99
E5 15 5 449 | 335 | 00 | 059 | 043 | 106 | 42.66
E5 15 10 | 449 | 335 | 00 | 1.18 | 0.85 | 21.20 | 85.32
E5 15 15 | 449 | 335 | 00 | 177 | 1.28 | 318 | 127.98
E5 15 20 | 449 | 335 | 00 | 236 | 171 | 424 | 17064
E6 15 5 347 | 351 | 031 | 049 | 006 | 7.49 | 4465
E6 15 10 | 347 | 351 | 063 | 098 | 012 | 14.98 | 89.29
E6 15 15 | 347 | 351 | 094 | 147 | 018 | 2247 | 133.94
E6 15 20 | 347 | 351 | 125 | 1.96 | 0.25 | 29.96 | 17859
E5 25 5 748 | 558 | 00 | 098 | 0.71 | 17.67 | 71.10
E5 25 10 | 748 | 558 | 00 | 1.96 | 1.42 | 3533 | 1422
E5 25 15 | 748 | 558 | 00 | 295 | 213 | 53.00 | 213.30
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Fig. 2 Schematic of the diagnostic set-up used for the high pressure measurements; PM - Photo Multiplier.

used to identify the size, shape, and location of the heat release zone, whereas OH-PLIF
measurements were used to identify the high temperature zones and flame fronts.
A laser system, consisting of a flashlamp pumped, frequency doubled Nd:YAG laser

(Quanta Ray, DCR-2) pumping afrequency doubled tuneable dye laser (L umonics, HD-500)



at 10 Hz was used for the OH-PLIF measurements. The output of the dye laser was tuned to
the Q1(8) transition of the OH A-X (1,0) system at approximately 283 nm. The output beam
had a pulse energy of approximately 5 mJ. Part of this beam was sent to a stoichiometric
CHy/air reference flame stabilized on a McKenna burner. The OH-LIF produced by this
flame was used for online monitoring of the OH excitation wavelength. Cylindrical lenses
were used to expand the main laser beam into a sheet of 55 mm height and approximately
400 pm thickness at the beam waist inside the combustor.

On the detection side, an ICCD camera (Roper Scientific, 512 x 512 pixels) was used
for capturing both OH* chemiluminescence and OH-PLIF signals at 90 degrees to the flow
direction. The camera was equipped with an achromatic UV lens (Halle, f/2, f = 64 mm)
and a UV interference filter (peak transmission at ~ 315+ 15 nm bandwidth). The camera
exposure time was set to 400 ns and 40us for the OH-PLIF and OH* chemiluminescence
measurements respectively. A beam splitter was used to deflect a small portion of the laser
sheet into a rectangular quartz cell filled with fluorescent solution. The quartz cell, with a
cross section of 10 x 10 mn? and 100 mm in height, is filled with a solution of Rhodamin
dyein methanol. The flourescence produced in the cell was captured simultaneously with the
OH-PLIF instantaneous images using a second |CCD camera (Roper Scientific, 512 x 512
pixels) equipped with a Nikon objective (f/4.0, f =50 mm). Thisimage was used to correct
the shot-to-shot laser sheet profile inhomogeneities. Both OH-PLIF and OH* images were
corrected for background noise and for dark signal (fixed pattern signal that occurs with no
light incident on the detector). The time synchronisation between the laser and the cameras
was achieved by means of apulse delay generator (SRSinc., type DG535)

Chemiluminescence emissions produced from flame reactions were used to gather in-
formation about the flame zone. OH* is the most frequently used indicator species and was

employed here. Since the signals were line of sight integrated, resolution of individual spa-



tial structures was not possible. The key OH* producing reaction in syngasflames containing

H> and CO isreported in the literature as [19]

H+O+M— OH*+M )

For hydrocarbon flames, the main formation reaction is found to be [19]

CH+0, — OH* +CO 2

For the mixtures studied in the current investigation, reaction (1) may play amajor role
for the E5 flames, whereas for the E6 flames, both reactions (1) and (2) could describe the
key formation steps. Reaction (2) will be relevant in the reaction zone where CH is formed
in the E6 flames, whereas reaction (1) will dominate the overall reaction in both E5 and E6
at all pressures. In addition, with increasing pressure, the characteristic time scales of the

three-body reaction (1) decreases, thereby playing a crucial role at higher pressures.

3 Estimation of Flame Curvature Probability Density Function from OH-PLIF

I mages

Quantitative evaluation of topographic properties of the flame surface requires reducing the
measured OH PLIF signals to mathematical contours representing the geometry of the in-
stantaneous reaction layers. However detectable levels of OH exist not only in the reaction
layers, but also in the high-temperature products above approximately 1500 K [20]. OH
PLIF measurements therefore detect broad regions of OH as shown in Fig. 3 and consid-
eration of additional properties of the OH signal is needed to identify the flame topogra-
phy. Sadanandan et al. [21] showed that the reaction layers in swirl flames can be visu-

alized by regions of high OH gradient. That is, OH concentrations increase exponentially
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with temperature and reach super-equilibrium concentrations in the reaction layers. The OH
signal gradients associated with generation of super-equilibrium OH in the reaction layers
were observed to be considerably higher than those associated with the relaxation of super-
equilibrium OH to equilibrium away from the reaction layers[22, 23].

A first estimate for the reactive flame surface therefore was made by placing a global
threshold on the OH gradient signal. This resulted in continuous bands, several pixels in
thickness, which followed the flame topography. These bands were reduced to mathematical
contours by identifying the edge of the high OH-gradient region that lay in the low OH-
signal region. Each thin reaction layer then was treated as a parametrically defined contour,
f(@) =Xt (@)&+Yy: ()&, where & and &, are the respective unit vectors in the radial and
axial directions. Results reported here describe the curvature of these contours, which was
calculated as:

o KAV @
(x’fz + )/fz) /
where (-) and (-)” represent derivatives with respect to ¢.

The resolution of the derived flame topography contours was the same as that of the OH
PLIF measurements. That is, each pixel of the OH images meeting the simultaneous gradient
and curvature conditions was identified as flame surface. The resultant contours could vary
with the same resolution as the OH-PLIF images, and thus exhibited discrete pixelization
that affected the curvature calculation. This pixelization was removed by smoothing the
contours with a five pixel moving average filter. The smallest scale corrugations that could
be identified therefore were approximately of 5 pixelsor 1.57 mm. This scaleis on the order
of thereaction layer thickness. Hence, the resolution of the flame curvature cal culations was
sufficient to describe the flame topography. The robustness of the routine was checked by

varying the threshold on the OH gradient. The curvature statistics were compiled from the
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axial region betweeny = 0 mm and 20 mm, which was the region with the greatest signal-
to-noise ratio. In this region, varying the threshold level over a reasonable range produced
only minor variations in the individual flame contours. The qualitative results and statistical

trends were independent of the threshold employed.

4 Resultsand Discussions

In general both E5 and E6 flames burned stably without any thermoacoustic oscillations
under al operation conditionsinvestigated. Previous flow field investigations at atmospheric
pressure [16], but comparable flow conditions, have shown that the flames are stabilized by a
strong inner recirculation zone (IRZ) and aless pronounced outer recirculation zone (ORZ).
The IRZ extends from the bluffbody to nearly the top of the combustion chamber, while
the ORZ is sgueezed between the combustor walls and the combustion zone. Two reaction
zones, the first between the fuel and the air inflows and the second between the fuel inflow
and therecirculating burned gases, were observed at the nozzle exit for al investigated cases.
The strength of these reaction zones however depended on the operating condition as will
be seen later. The images shown in the following section are cropped from the full field-of-
view (approximately 177 x 145 pixels (height x width)) for clarity. The flame structure and
the regions of high temperature were identified using the OH-PLIF images, while the size,
shape and location of the heat release zone was visualied using the OH* chemiluminescence

images.

4.1 Influence of Varying Pressure on the Flame Structure

To begin, the effects of pressure on the structure of the E5 flames will be discussed. Figure 3

shows instantaneous OH-PL IF images along with the ensemble average and RM S fluctua-
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tions of OH-PLIF images for the E5 flame at an equivalence ratio ¢ = 0.5, pressures p = 5,
10, 15 and 20 bar, and R, = 15 kW/bar. Zoomed in views of the region at a radius between
r =10 mm and 25 mm and axial distance betweeny =5 mm and 20 mm are shown asinsets.
The ensembe average and RM S images were created from 200 single-shot images. In the
figures, the laser sheet traversed from left to right and only the region on the left half of the
burner axis is shown. Due to absorption of the laser radiation by OH radicals, the right half
of the original images had lower LIF intensities than theleft half. Therefore only the regions
on the left half of the burner axis are considered for the interpretation of the results in this
paper. Also, the laser sheet starts at a distance of approximately 2 mm downstream from the
nozzle exit. At higher chamber pressures, the signal-to-noise ratio of the OH-PLIF images
was drastically reduced due to molecular line broadening of OH transitions. For example,
the average signal-to-noise ratio (S/N) decreased from approximtely 10 at 5 bar to 2.4 at
20 bar for the images shown in Fig. 3. If the maximum signal of the time averaged image
issetto 1 at 5 bar, the levelsare 0.38, 0.21, and 0.1 at 10, 15 and 20 bar, respectively. This
obviously hinders the direct comparison of OH-LIF intensities corresponding to different
operational pressures. However, to facilitate the comparison of flame spatial characteristics,
shape, size at different operating conditions, the intensity of all OH-PLIF images shown in
this paper are scaled from zero to the maximum value .

The two distinct flame zones near to the nozzle exit are clearly visible in the averaged
images. These two flame zones merge at few millimeters downstream of the nozzle exit.
The appearance of grainy structures at downstream locations at high pressures are due to the
very low S/N in these regions. For comparison, at p = 20 bar, the average SIN ratio at the
flame front was approximately 3.9 whereas at the IRZ it was about 1.4. Previous flowfield
measurements in this burner under similar flow conditions has shown intense mixing be-

tween the fresh gases and the recirculating burned gases at the shear layers [18]. Therefore,
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instantaneous time average RMS
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Fig. 3 The OH single shots, time average and RM S fluctuations for the E5 flame (R, = 15 kW/bar) at p =5,

10, 15 and 20 bar. Inset: Zoomed in views of the region marked by dotted lines.
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a fair amount of premixing before ignition of the flame is expected near the nozzle exit.
The reaction zones are expected to be estabilished at near stoichiometric mixtures close to
the exit, but more on the fuel rich side of stoichiometric mixture fraction. However, fur-
ther downstream, the mixture becomes more and more fuel lean as the equivalence ratio
approaches ¢gonal = 0.5. While the size of the large scale structuresis rel atively fixed by the
geometry, the evolution of small scale structures downstream could be influenced by a vari-
ety of mechanisms. The flowfield at downstream locations will be influenced by the gradual
development of the shear layer instability, where a portion of the net kinetic energy istrans-
ferred to the small scale structures. In addition, the inner flame front resides in a region of
higher shear rate than the outer flame front, whereas the temperature gradient at the outer
flame front is higher than at the inner flame front. These gradients enhance the turbulence
intensities at the inner and outer flame fronts, respectively. All these effects will aid in the
formation of highly corrugated structures with increasing distance from the nozzle exit. It
can also be seen that the distributions have become more noisy with increasing pressure.
Thisis at least partly due to the lower SIN level at high p as discussed before. However, it
can a so be observed that the structures become smaller and speckled (seeinsets). Thisisdue
to an increase in Reynolds number (Re) with increasing pressure (p o< p). Interestingly, the
RM S fluctuations of the LIF intensity at downstream locations are more intense at the outer
reaction zone than at the inner reaction zone. The reason for the higher stability of the inner
flame can be manifold. Firstly, the inner flame is better stabilized than the outer flame due
to the high temperature of the recirculating burned gasesin the IRZ. Secondly, the reactivity
of the outer flame is lower than that of the inner flame due to the dependence of reaction
rate on mixture temperature. This implies that the outer flame will locally extinguish more

readily than the inner flame.
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At lower pressures, for example at p = 5 bar, the formation of OH at superequilib-
rium concentrations and its convective transport cannot be neglected. OH is produced at
superequilibrium concentrations in the rection zone before it decays to chemical equilib-
rium downstream [2, 22, 23]. The three body radical decay reactions, which are pressure
sensitive, proceed in atimescale of milliseconds to microseconds for atmospheric and high
pressure flames, respectively. For example, at p = 10 bar the decay time isaround 10 us, by
which time the fluid elements would have convected a distance of amost 1 mm. This means
that the broad region of high OH intensities seen in the single shot image at 5 and 10 bar may
be an outcome of the transport of the superequlibrium OH concentration. However, at high
pressures the effect is not significant. The ensemble averaged images at different pressures
also show that the region of high OH intensity remains more or less unaffected by pressure
with respect to size and location.

The interpretation of the OH intensity versus pressure is not straightforward. The is be-
cause, OH concentration has acomplex relationship with burning vel ocity, mixture composi-
tion, Lewis number and strain rate. The H, rich mixturesin general have maximum burning
velocity in the fuel rich side of the stoichiometric equivalence ration, ¢xo while the OH
has maximum concentrations at ¢ = ¢4 The maximum burning velocity is also pressure
dependent with drastic reduction at high pressures[12]. At downstream locations, where the
¢ shiftstowards ¢gonal , the reaction zone also is expected to shift from the fuel rich side to-
wards the fuel lean side, further complicating the interpretation of OH-LIF distribution. The
impact of non-unity Lewis number, especially at lower pressures, on the flame temperature
and corresponding OH concentration is another factor that complicates the interpretation of
the result. At low pressures, the smaller size of hydrogen enhances the diffusion of H and
H> into the reaction zone thereby increasing the reactivity. But as pressure increases, the

simultaneous decrease in diffusivity hinders the preferential diffusion of hydrogen thereby
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influencing the OH concentration. In addition, the local strain rates also play an important
role. For example, a Hy/air mixture has a non-monotonic relationship between pressure and
extinction strain rates (indicative of the reaction intensity) [24]. All these factors point that
the interpretation of the OH-PLIF signals with pressure require detailed analysis of the in-
dividual influencing parameters and their interactions.

It is clear from the single shot OH-PLIF images that there is a significant change in
the flame front curvature with changing pressure. In order to gain better understanding of
the mechanisms behind the generation of the flame front wrinkling, quantification of the
pressure induced curvature is necessary. Figures 4(a) and 4(b) show the probability density
function (pdf) of the flame curvature at the different pressures for theinner and outer flames,
respectively. In Fig. 5, the variation of the mean curvature magnitude with pressure is sum-
marized. Only the flame zone within the first 20 mm in the axial and radia directions are
used for the estimation of the pdfs as the OH-LIF S/N ratio is considerably better in this
region at higher pressures. The pdf distributions are nearly Gaussian with equal probabili-
ties of positive and negative curvature for both the inner and outer flames. At low pressures,
when the flame is thicker, the curvature provides a stabilizing effect to small scale pertur-
bations in the flow. In the case of constant strain rates, the flame thickness evolves like the
inverse square root of pressure [25]. Therefore the flame thickness decreases as the pressure
is increased. The different responses of the curvature pdfs for the inner and outer flames
with increasing pressure is consequentialy surprising. The inner and outer flames respond
differently to pressure as can be seen from the pdfs. While there is hardly any change in
the pdf for the outer flame, the inner flame distribution broadens. This might indicate an in-
creasein small scale turbulence intensity with pressure in the inner flame, whereas the outer
flame curvature remains more or less constant in the investigated pressure range. This also

is exhibited in Fig. 5, where the increase in mean curvature magnitude, which represents
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the degree of flame wrinkling with pressure, is shown. Also recognizable is the fact that at
p = 5 bar the outer flame is more wrinkled than the inner flame. While the outer flame cur-
vature remains more or less unaffected by the pressure increase, the inner flame wrinkling
increases strongly with pressure and becomes more wrinkled than the outer flame between

10 and 15 bar.

In order to understand the fundamental mechanism behind the wrinkling process, it is
necessary to have acloser |ook at the pressure impact on turbulence. The main pressureinflu-
ence on turbulence stems from the strong decrease in kinematic viscosity v with increasing
pressure, v ~ p~t. The local Reynolds number Re = Uly/v, where U’ and Iy are the ve-
locity fluctuations and the integral length scale, respectively, increases as a result, leading
to a corresponding decrease in the size of the small turbulent scales (more small scale wrin-
kling) with pressure. With increasing Re and decreasing v, even the smaller vortices may
be able to withstand the viscous dissipation in the flame, resulting in an increase in the tur-
bulence intensities. Since the fuel and air mass flow rates increase with increasing pressure
for a constant inflow velocity, the fuel consumption rate is increased by an increase in the
flame surface area and also by an increase in the reaction rate. However, the reason for the
dissimilar variation of the curvature magnitude with pressure for the inner and outer flame
is not clear at present. Due to the multiple simultaneous phenomena affecting the flame in
this configuration, the specific cause or causes of the flame wrinkling behavior could not be
identified. However, the investigated flame can be considered as similar to a stratified flame
with alean outer flame front and arich inner flame front. So, future work should address this
issue by conducting simplified and controlled, multi-stream experiments. In particular, the
behavior of high pressure stratified flames in transverse velocity and temperature gradients

should be studied, such as those previously conducted for atmospheric pressure flames [26].
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Fig. 4 Variation of flame curvature distribution with pressure for the inner flame (a) and outer flame (b) of

E5 deduced from the OH-PLIF images.

In case of axisymmetric flames, the time averaged OH* images can be deconvoluted
to yield spatially resolved planar information. The deconvoluted chemiluminescence image
of the E5 flames obtained from the time averaged OH* (electronically excited) images are

shown in Fig.6 at different pressures and R, = 15 kW/bar. As with the OH-PLIF images,



19

-
[SY
T

|

—&— Inner E5
—0— Outer ES
—&— Inner E6 g
—O— Outer E6

s z =z
R =3 —
T T T
. .

|
\

curvature magnitude (mm‘l)

S
>
T
|

pressure (bar)

Fig. 5 Variation of mean curvature magnitude of the inner and outer flame front with pressure for the ES

flame and E6 with Ry, = 15kW/bar .

only the region corresponding to the left half of the burner is shown and all the images are
scaled to the same intensity range for ease of comparison. The heat rel ease zone extendsto a
maximum height of 20 mm, the variation of the heat release zone dimensions with pressure
ismarginal, and the shapes are similar. The flame height decreases alittle as the pressureis
increased from 5 - 10 bar, after which it grows back to the original dimension for a pressure
increase from 10 - 20 bar. Similar to the OH-PLIF images, the inner and outer heat release
zones are clearly identifiable close to the nozzle exit before they merge downstream. It is
important to note that, though the total thermal power increased with increasing pressure, the
total OH* intensity did not change significantly. The average S/N ratio in the raw images
varied only dlightly, from 15 at 10 bar to about 18 at 20 bar. One probable explanation
could be the effect of quenching of OH* with increasing pressure. This clearly shows the
limitations of OH* chemiluminescence as a measure for the heat release rates for al fuels,

as has been reported in previous literatures [27].
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Fig. 6 Abel deconvoluted OH* chemiluminescence images at pressure p = 5, 10, 15 and 20 bar for the E5

flame and Ry, = 15 kW/bar.

4.2 Variations in Mixture Composition

In addition to the pressure, the specific syngas composition greatly affects the combustion
properties. The instantaneous, ensemble averaged, and RMS fluctuations of the OH-PLIF
image for the E6 flames (R, = 15 kW/bar) at p = 5, 10, 15 and 20 bar are shown in Fig. 7.
The length of the E6 flames are greater than those of the E5 flames at all pressures, with
a broader OH-PLIF distribution seen in the averaged images. Also, the region with high
OH-LIF intensities is shifted further downstream compared to the E5 flames and the shift
increases with increasing pressure. This seemsto indicate that for the same pressure, the E6
flames are less reactive than the E5 flames and the reaction rate decreases with increasing
pressure. Conversely, the region of maximum RMS fluctuations is more concentrated com-
pared to the E5 flames. One of the factors that might be influencing the flame height is the
decrease in reactivity of E6 due to the presence of CHy in the mixture. Previous investiga-

tions by other research groups have shown a substantial reduction in laminar flame speed, §
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(which isameasure of the reactivity of the mixture) for various hydrocarbon substituted H,-
air and syngas mixtures [28,29]. For example, experimental and numerical investigations by
Law et a. have shown that in case of hydrogen-air mixtures at a global equivalence ratio of
0.6, 5. decreased from approximately 800 mm/s to about 400 mm/s for a 40% volumentric
substitution of Hy by CH,4 [28]. This means that the combustion is faster for the E5 flames
when compared to the E6 flames, resulting in the observed difference in the flame length. In
the H, dominated regime (10 - 100 % H, in CO) CO was found to play only aminimal role
in the ignition behaviour with the dominant kinetics involving only H, chemistry [4,5,12].
So, the increase in flame height with pressure highlights the decrease in laminar burning
velocity of the E6 flames with increasing pressure for hydrocarbon substituted Hy-air, as

reported in [28].

Figures 8(a) and 8(b) show the distribution of flame curvature and its dependence on
pressure for the E6 flame at the inner and outer flame front, respectively. Similar to the re-
sults for E5 the pdfs for both the inner and outer flame front show symmetrical Gaussian
like distribution. Also there is a significant intensification of the convolution in the inner
flame with pressure compared to the outer flame. The increase in curvature magnitude with
pressure is aso mirrored in the mean curvature magnitude versus pressure plot in Fig.5.
The relatively higher mean curvature magnitude of E6 with respect to E5 at all pressures
indicates that the E6 is less stable than E5. The flame thickness increases with hydrocar-
bon substitution in most cases, which in turn can improve the stability of the mixture. But
the decreased flame stability of E6 with respect to E5, as seen in Fig.5, implies that the
stabilizing effect of increase in flame thickness is not so effectual and is overweighed by
the destabilizing effect produced probably by the subsequent decrease in the laminar flame

speed.
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Fig. 7 The OH single shot, time average and RM S fluctuations for the E6 flame (R, = 15 kW/bar) at p = 5,

10, 15 and 20 bar.
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Fig. 8 Variation of flame curvature distribution with pressure for the inner flame (a) and outer flame (b) of

E6 deduced from the OH-PLIF images.

The deconvoluted OH* chemiluminescene image deducted from the time averaged OH*
images for the E6 flames are shown in Fig.9. There is an appreciable increase in the size of
the heat release zone with increasing pressure. Analogous to E5, the OH* intensity in the

inner flame remains more or less constant from 5 to 20 bar, whereas the reaction rate in the
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outer flame region shows a steady increase for the E6 flame. Thisisin contrast to the effect

of pressure on the heat release rate of E5 flame.

(mm)

o 30

(mm)

0 I —— 2000

Fig. 9 Abel deconvoluted OH* chemiluminescence images at pressure p = 5, 10, 15 and 20 bar for the E6

flame and Ry, = 15 kW/bar.

4.3 Influence of the Variationsin Thermal Power on Flame Structure

Finally, the variation of flame curvature distribution with pressure at the inner and outer
flame for the mixture E5 at Ry, = 25 kW/bar is shown in Fig. 10(a) and Fig. 10(b). Also
shown in Fig. 11 isthe variation in average flame curvature magnitude with pressure at the
same thermal power. The curvatures were deduced from the OH-PLIF images (not shown)
as before. The outer flame curvature distribution is slightly skewed towards negative curva-
ture values. The variation of flame curvature magnitude with pressure shows a completely
different picture for the outer flame front compared to what was seen for E5 at Ry, = 15 kW
in the previous section. Up to a pressure of 10 bar, the curvature magnitude of both inner and

outer flamesisamost identical to the 15 kW case. However, the pdfs broaden asthe pressure
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israised to 15 bar, indicating an increase of the flame curvature magnitude on both fronts.
From Fig. 11, it can be seen the intensification is only dlightly higher in the inner front than
in the outer front. An increase in Ry, will result in qualitatively different scenarios in the
shear layer of inner and outer flame front: (i) it increases the mixing rate between the fuel
and the air in the outer region, and between the fuel and the burned gasesin the inner region
(ii) it induces a higher strain rate, and thereby a lower residence time, at the mixing layers.
By considering the combined effect of pressure and strain rate on the flame thickness, it was
seen that the thickness is inversely proportional to both strain rate and pressure [25]. This
double impact will create instability in both inner and outer flame making them vulnerable

to the wrinkling process more readily than E5 at R, = 15 kW.

5 Conclusions

Optical and laser diagnostic methods were applied in an optically accessible swirl flame
burner operated with syngas mixtures and preheated air at elevated pressures. OH-PLIF
and OH* chemiluminescence measurements were performed to investigate the influence of
pressure on the flame characteristics. Two syngas mixtures, designated E5 and E6, were
investigated in the current studies, with E5 consisting of Hz, N> and CO and E6 with Hy,No,
CO and CH4. From previous velocity measurements at atmospheric conditions, it is known
that the flowfield consisted of a strong inner recirculation zone, a weak outer recirculation
zone, and a conical inflow of fresh air in between these two regions. The OH-PLIF images
showed two flame fronts at the inner shear layer, the first one between theinner recirculation
zone and the fuel inlet and the second one between the fuel inlet and the air nozzle. E6
flames differed from the E5 flamesin OH-PLIF distribution by having agreater flame height,

broader OH distribution and a shift in maximum OH-LIF intensities further downstream
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Fig. 10 Variation of flame curvature distribution with pressure for the inner flame (a) and outer flame (b) of

E5 at Ry, = 25kW/bar deduced from the OH-PLIF images.

from the nozzle exit. In particular, the increase in flame height implies that the hydrocarbon

substituted E6 flames are less reactive than the E5 flames.

To investigate the mechanisms behind the flame front wrinkling with pressure, quantifi-

cation of the pressure induced curvature was performed on the OH-PLIF images of both E5
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Fig. 11 Variation of mean curvature magnitude of the inner and outer flame front with pressure for the ES

flame with Ry, = 25kW/bar.

and E6 flames. From the probability density function of the flame curvatures, it was seen
that the inner flame front wrinkled more intensely than the outer flame front with increas-
ing pressure at lower thermal loads. The mean curvature magnitude of E6 was greater than
E5 at both the inner and outer flame fronts. However, the corrugation of both the inner and
outer E5 flamesincreased greatly at higher thermal loads. Due to the multiple simultaneous
phenomena affecting the flame, it was not possible to identify the specific cause or causes

of the flame wrinkling behavior.

The two heat release zones were aso clearly identifiable in the deconvoluted OH*
chemiluminescence images. But the heat release zone characteristics varied differently with
pressure for the E5 and E6 flames. M oreover, the OH* intensity did not change significantly
with the increasing total thermal power for both cases, as one would expect. This shows that
the adequacy of OH* as a marker for the heat release rate is questionable for the conditions

investigated here.
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