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Figure 5.35: Flow characteristic (37 mm x 20 mm section) and Fourier analysis frequency
spectrum of 1st and 2nd mode of the non-reacting air flow at 1.5 bar for an average inlet

velocity of 31 m/s.

detect coherent flow structures in the flow fluctuations. The figure [5.35| shows the first
two modes for the non-reacting flow together and its frequency spectrum. A Fourier
analysis was performed on the temporal coefficients to obtain the frequency spectrum
of the fluctuations. Although in the mean sense the flow is seen to be attached to the
burner surface, the POD modes show the formation of vortices indicated by the arrows
in figure [5.35 The frequency analysis of these modes revealed a frequency of 968 Hz.
Optical access to events below the burner surface is not possible, hence only the resultant
effects of any flow separation phenomena can be detected. The POD analysis of the data
suggests the formation of periodic flow structures that are convected laterally over the
burner surface before they turn axially to be convected downstream. This is indicative
of periodic flow separation at the burner lip.

With the presence of combustion the flow separates from the burner surface forming
an ORZ. Under reacting conditions this flame excited thermo-acoustic oscillations at
362 Hz. The figure shows the POD modes of reacting flow PIV data. The 1st
mode indicates the presence of a single vortical structures while the 2nd mode shows
two such structures. The frequency spectra of both these modes revealed a peak at

362 Hz. This corresponded to the frequency of the thermo-acoustic oscillations that were
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spectrum of 1st and 2nd mode of the reacting air flow at 1.5 bar for an average inlet velocity

0.85.

of 31 m/s and ¢
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Figure 5.37: Method used for numbering phases of pressure oscillations for phase resolved

analysis.

measured using pressure probes placed in the combustor. In order to obtain information
regarding the flame dynamics and related thermo-acoustic oscillations, phase resolved
average information of the heat release and flow was calculated. A single period of the
oscillation was divided into 12 phases based on the amplitude of the pressure fluctuation
in the combustion chamber as shown in figure [5.37] It must be noted that the actual
location of the pressure probe was not in the combustion chamber, but at a distance of
approximately 35 ¢cm away from the pressure tap in the chamber. Therefore the peak
pressure in the combustion chamber has a phase offset to that used for this analysis.
At each measurement location approximately 5.4 s of data was recorded at 3 kHz. This
results in an average of 1012.5 images per phase, which is statistically significant for the
averaging process.

The figure shows the phase averaged images of the oscillation depicting the line of
sight OH*-chemiluminescence on the left and the flow field streamlines with background
colored by resultant velocity on the right. From phase 1 to phase 4 the intensity of the
chemiluminescence decreases indicating a reduction in the heat release rate to almost
complete blow out. The velocities at the inlet of the combustion chamber are increasing
and the incoming flow is seen to creep along the burner surface similar to the non-reacting
case before being directed axially close to the combustion chamber windows. There is no
discernible ORZ from phase 1 to phase 4. From phase 5 onwards the heat release increases
to a maximum at phase 8. During this period, the incoming fresh gas and the flow in the
IRZ show a significant velocity increase. This increase in velocity corresponds to the gas
expansion in all directions due to the onset of combustion. During this period the width
of the IRZ reduces and coincides with the formation of an ORZ. A detachment of the

flow from the burner surface is evident. The high IRZ velocities during this phase reduce
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40 mm
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Figure 5.38: Combined OH*-chemiluminescence (left) and PIV (right) phase averaged

images corresponding to different phases of pressure oscillations in the combustion chamber

for the air flame at 1.5 bar in table@
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5.4 Oxyfuel and air flames at elevated pressures

the flow of fresh gas into the combustion chamber. The phases 8 to 12 represents the
consequent reduction in the heat release. Here the extent of the ORZ is gradually reduced
as the incoming flow is directed again along the burner surface, before the cycle repeats.
The first two modes of the POD shown above for this case represent these alternative
events that involves the formation and destruction of the ORZ. This is thought to be
related to flow separation and vortex formation events that are initiated at the burner
lip and propagate into the combustion chamber as seen in the non-reacting flow.

With an increase in pressure the non-reacting flow maintained a similar character to
the lower pressure case. However the reacting flow as seen in the previous section moved
closer to the combustion chamber windows. The figure shows the average velocity
fields for the 5 bar measurements. The impact of the combustion process on the flow
is evident with the flow directed more axially, although a distinct detachment of the
flow from the burner surface is not observed. The periodical flow structures detected
at the thermo-acoustic oscillation frequency as seen at 1.5 bar were also observed under
these conditions. The frequency of these structures corresponded to the thermo-acoustic
oscillation frequency of 383 Hz.

The above treatment looked at the burner aerodynamics at elevated pressure with
air flames. There is a marked difference to the flow field in comparison to atmospheric
conditions. The flow dynamics for the oxyfuel conditions was also studied and compared
to that of air. For the non-reacting oxyfuel flow conditions at 1.5 bar the time averaged
flow remained similar to that of the non-reacting air flow. The figure [5.40] shows the
first two POD modes of the flow along with the frequency spectrum of the temporal
coefficients for the two modes. The modes are similar to that of the air flames. The
spectrum of the temporal coefficient reveals a similar frequency as for the air cases at
957 Hz corresponding to the flow separation at the burner lip. For the non-reacting
air flow the frequency band from 200 to 600 Hz showed a broadband noise related to
the turbulent fluctuations. In the case of oxyfuel conditions two distinct frequencies at
400 Hz and 557 Hz are detected. Phase resolved analysis of the 400 Hz frequency revealed
a Helmholtz resonance like oscillation of the incoming flow. The 557 Hz frequency is a
result of the interaction of the Helmholtz oscillation with the periodical flow separation
at the burner lip. For the air case these oscillations are thought to be also present, but
are not as distinct as for the oxyfuel case. The dynamics of the cold flow hence are similar
for oxyfuel and air conditions.

The Abel inverted OH*-chemiluminescence half images of air and oxyfuel flames at
1.5 bar and 5 bar for similar equivalence ratios and inlet velocity are shown in figure
£.41l The air flames at 1.5 bar and 5 bar have a heat release zone that is closer to the
burner face compared to the oxyfuel flames. The increase of pressure to 5 bar influences

the oxyfuel flame significantly with a drastic shift in the heat release zone towards the
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(b) Reacting, 30 kW

(a) Non-reacting

Figure 5.39: Average flow field streamlines overlaid with absolute velocity contours in
background representing 37 mm x 65 mm section of combustion chamber. Non-reacting
flow and reacting flow for natural gas air flames at 5 bar and average inlet velocity of
31 m/s and ¢=0.83 shown.

window. The increase of pressure is known to reduce laminar flame speeds [37]. As the
inlet flow velocities remain similar to that at 1.5 bar, the movement of the flame closer
to the window is thought to be caused by the reduction in the mixture reactivity at
elevated pressures. Regions of flow stagnation and reduced velocities near the window
are conducive to flame stabilization. The oxyfuel and air flames at 1.5 bar and 5 bar
exhibited thermo-acoustic oscillations. The frequency of oscillations for air flames was
higher than that for oxyfuel. The frequency for oxyfuel flames was 280 Hz at 1.5 bar and
varied between 220 Hz to 270 Hz at 5 bar. In sections and the frequency of the
thermo-acoustic oscillations increased as the reactivity of the oxyfuel mixtures increased
from 30 %04 to 34 %05 and when air was used. This was traced back to the increase in
the laminar flame speed with change in oxidizer composition and to higher laminar flame
speeds for air flames. The higher reactivity was correlated with a shorter path and time-
scales for the convection of fresh gas into the reaction zone. The frequency of oscillations
were correspondingly higher. At elevated pressures this effect is seen again with higher
frequency of thermo-acoustic oscillation of air flames in comparison to oxyfuel flames.
Based on the experimental investigations it is evident that the burner aerodynamics
play a crucial role in the flame stabilization of both oxyfuel and air flames at elevated
pressures. The non-reacting flow is directed along the burner surface and the flame causes
the flow to detach from the burn surface at 1.5 bar. The flow does not detach from the
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Figure 5.40: Fourier analysis spectrum of temporal component of 1st and 2nd modes from
POD analysis of flow information representing a 40 mm x 20 mm section of the combustion

chamber close to the burner surface for non-reacting oxyfuel conditions at 1.5 bar.

(b) 5 bar

Figure 5.41: Abel inverted OH*-chemiluminescence half images of preheated air and
oxyfuel flames with V=31 m/s and ¢=0.83 at 1.5 bar and 5 bar.
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Fluid stream

Lateral Force

Figure 5.42: Sketch of Coanda effect for fluid flow near curved surface.

burner surface at elevated pressures. It is thought that the flow remains attached to the
burner face due to the Coanda effect [129] occurring at the contoured nozzle section of the
burner. The figure describes the Coanda effect. This is a well known fluid dynamic
effect which occurs when a flow along a curved surface is directed towards the curved
surface as a result of pressure gradients due to acceleration or separation of fluid along
the curved surface which cause the flow to follow the surface. The exact reason behinds
the change in burner characteristics at elevated pressures is unknown. The behavior is
thought to be linked to the change in exhaust nozzle diameter and the redirection of a
small amount of oxidizer for burner cooling along the chamber windows. The exhaust
nozzle at atmospheric conditions had a diameter of 40 mm while that at elevated pressure
had a diameter of 18 mm to isolate the combustion chamber acoustically from the rest of
the test rig. The entrainment of the main burner flow into the cooling flow also increases
the tendency of obtaining fluid flow along the burner surface. However, both oxyfuel and
air flames excite thermo-acoustic instabilities for similar operation. The frequency of the
oscillations for air flames was found to be higher than that of oxyfuel flames. This was
consistent with observations at atmospheric pressure where the lower reactivity of oxyfuel
flames resulted in higher convective time-scales. The flames obtained at elevated pressure
are not optimal for a gas turbine burner operation due to the proximity of the flames
to the burner surface and thermo-acoustic oscillations. The behavior of both air and
oxyfuel flames could however be correlated. With modifications to the burner geometry
so as to reduce the impact of the Coanda effect the 30 % O, flame can be expected to

yield relatively stable flames using burners operating with air.
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Conclusions

For oxyfuel gas turbines that operate with CO5 as the main diluent, new burners need to
be designed that account for the difference in properties to that of air. The differences
in properties are due to the higher heat capacity, lower conductivity and viscosity, active
radiation heat transfer and a more active involvement of CO4 in chemical reactions. The
proportion of CO, influences the physical properties and the reactivity of these mixtures.
The laminar flame speeds of oxyfuel mixtures changes significantly with the extent of
COg dilution. Therefore the extent of CO, dilution determines the flame stabilization as
well as the flame temperatures.

Oxyfuel flames have been investigated using optical diagnostics under atmospheric and
elevated pressure conditions using a previously well researched partially premixed swirl
burner. Unlike air flames where the thermal power and equivalence ratio influence flame
behavior when the reactant temperatures are kept constant, oxyfuel flames are influenced
by the ratio of Oy/COs present in the oxidizer. Different oxyfuel oxidizer compositions
with varying ratios of O, to CO4 were investigated. The study was performed at com-
parable thermal powers and comparable inlet velocities. In both instances, the increased
flame speed and higher flame temperatures of higher Oy concentration oxidizers favored
flame stabilization closer to the burner face. Oxidizers having between 26 to 30 % O,
displayed conical flame form. The flame stabilization of oxidizers with 26 % and lower O,
concentrations was poor as the flames burned further downstream from the burner face
and excited low frequency instabilities. The 30 % O, flames were stable over a large range
of operation and appeared visually similar to typical air flames observed previously in the
burner. For 34 % and higher O, oxidizers, flat flames at close proximity to the burner face
were observed. The flames consistently excited thermo-acoustic oscillations over a wide
range of operating conditions. An analysis of the flow data showed that an increase in the
O, concentration results in a decrease of the convective time-scales of the fresh charge to
reach the zone of heat release. The flame stabilization closer to the burner face reduces

the time-scales to values that cause resonance with Helmholtz oscillation modes in the
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system. This correlated with the increased frequency of thermo-acoustic oscillations with
higher Oy concentrations. The coherent flow structures in the flame changed with the
amount of CO, dilution. The precessing vortex core which plays an important role in
the mixing of unburnt and burnt gas and hence flame stabilization became wider and
less distinct at low CO, dilution. For a Oy concentrations of 34 %, it was replaced by a
toroidal vortex structure, which has previously not been detected for this burner. Due to
the change in coherent flow structures for different Oy concentrations the flames reacted
differently to changes in equivalence ratio. The proximity of the flat flames to the burner
face increased for stoichiometric operation while that of conically shaped flames reduced.
The changes were however small in comparison to those caused due to Oy concentration.
With an increase in the average flow velocity and thermal power the flames occupied
positions further downstream of the burner face. While 26 % to 30 % O, flames main-
tained a conical flame shape, the flat flames moved away from the burner forming lifted
flat flames. In order to obtain conically shaped flames at high O, concentrations higher
inlet flow velocities are required, which can be achieved by reducing the burner nozzle
diameter. Conversely flame stabilization with low Oy concentration oxidizers would be
favored by the use of a larger inlet nozzle to reduce flow velocities. The thermal power
rating of the flames increased with O, concentration for similar flow conditions. In order
to adapt existing air burners for oxyfuel operation a burner scale up or scale down would
be required based on the quantity of CO4 diluent flowing through the burner.

Raman spectroscopy measurements performed on two 30 % O, flames based on vi-
sual similarity to air flames showed that the flames had large quantities of CO in the
inner shear layer (ISL). The maximum combustion temperatures were reached further
downstream of the ISL where the CO was completely oxidized. The heat transfer char-
acteristics of the flames changed with a reduction in the flow velocity. The temperature
drop in the outer recirculation zone relative to adiabatic flame conditions increased with
increase in flow velocity, while the temperature drop in the IRZ and further downstream
regions of the combustion chamber reduced at higher flow velocity. The differences in
temperature drop are thought to be related to heat transfer effects that change due to
the presence of COy and change in the residence time of the flow at different flow veloci-
ties. This aspect needs further investigation, however the results indicate a sensitivity of
oxyfuel flames to heat transfer to the burner and combustion chamber. The burner and
chamber geometry are therefore expected to play a crucial role in enhancing or reducing
flame stabilization.

A comparison of the oxyfuel flames and air flames was performed under atmospheric
conditions. The change in flame shape with increased CO, dilution of the oxidizer was
similar to the effect of decrease in equivalence ratio in the air flames. Laminar flame

speed calculations showed that values of lean air flames (p=0.65) were similar to values
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of stoichiometric 30 % Oy concentration oxyfuel flames. For stoichiometric operation
comparable laminar flame speeds for air and oxyfuel flames are obtained for a composi-
tion of nearly 40 % O,. At similar inlet flow velocities the effect of this was confirmed as
the flames changed from conically shaped flames to flat flames with increased Oy concen-
tration and air operation. The conical flame shape in this burner was obtained for 30 %
Os oxyfuel flames and lean air flames. A comparison of the Raman data for the oxyfuel
and air flames showed that the 30 % O, oxyfuel flames had lower temperatures in the
flame anchoring zone and a more distributed region of heat release. The fuel penetrated
further into the combustion chamber for the oxyfuel flame indicating weaker stabiliza-
tion. The advantage of partially premixed combustion for the 30 % O, oxyfuel flames
was lesser due to the lower change in flame speed with equivalence ratio in comparison to
air flames. The comparison also revealed differences in the heat transfer characteristics
of the air and oxyfuel flames.

Subsequently 30 % Oy oxyfuel flames were investigated with the modifications to
the same burner under elevated pressure (5 bar) and gas turbine like conditions. The
introduction of preheating to simulate gas turbine burner inlet conditions (653 K) and
elevated pressures changed the flame shape relative to atmospheric burner operation. A
fourth flame shape also known as wall jet flame was observed. The difference to flat flames
observed at atmospheric conditions was the increased proximity to not only the burner
face but also the chamber windows. Both oxyfuel and air flames exhibited this behavior.
The flame stabilization of the 30 % O, oxyfuel flames was poorer than that of air flames.
The oxyfuel flames exhibited periodic flame transitioning to the burner face. Both air
and oxyfuel flames exhibited persistent thermo-acoustic oscillations under stoichiometric
operating conditions. The flame behavior was strongly influenced by the changed burner
aerodynamics at elevated pressure. In non-reacting and reacting flows high repetition
rate PIV measurements were performed for selected oxyfuel flames and similar air flames.
The measurements were performed at 1.5 bar and 5 bar conditions. The non-reacting
flow followed the curved lip structure of the burner nozzle into the combustion chamber
for both air and oxyfuel operation. The reacting cases however showed difference in
behavior at 1.5 bar and 5 bar. At 1.5 bar the flow detaches from the burner surface due
to combustion and forms an outer recirculation zone (ORZ). This behavior was absent
for the 5 bar case with the flow remaining attached to the burner surface. The thermo-
acoustic oscillations were characterized by the presence of periodic vortex shedding from
the burner lip at the thermo-acoustic frequency. The thermo-acoustic frequency reduced
with the use of oxyfuel flames at similar average inlet velocity in comparison to air
flames. The decrease in thermo-acoustic frequency for oxyfuel operation was similar to
that observed under atmospheric conditions and is attributed to the faster reactivity of

air flames in comparison to oxyfuel flames which changes the delay associated with fresh
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charge reaching fully combusted state. The high pressure investigations reveal that the
current burner configuration is not suitable for real gas turbine operation due to the
burner lip. The differences however between oxyfuel and air flames are consistent to
those observed at atmospheric conditions.

In order to minimize the cost of obtaining oxygen by air separation stoichiometric
operation is crucial to oxyfuel combustion. However this type of operation increases the
combustion temperature and limits the region of stable burner operation. Based on the
above results a multitude of approaches are evident for gas turbine burner operation
with oxyfuel mixtures. The approaches can be distinguished based on the extent of CO4

dilution implemented in such gas turbines as the following:

— Alternate burner concepts for lower than 30 % O, oxidizers
— Operating current air burners with 30 % O, oxidizer

— Burner scale down and burner staging for higher than 30 % O, burners

Low Oy concentrations flame were difficult to stabilize with the current burner config-
uration. The low laminar flame speeds and their reduced dependence on equivalence ratio
indicated that the benefit of partially premixed combustion is lesser. In order to operate
such oxyfuel flames alternate burner concepts which employ premixed combustion and
promote easy mixing of exhaust gas with fresh charge would be suitable. The FLOX®
burner concept could be beneficial for such oxidizers. The second approach provides a
viable option for operating current gas turbines with oxyfuel mixtures. Although the
flame stabilization of the 30 % O, flame was poorer than that of air, the wide range of
stable operation indicates that with small modification to current air burners these flames
are applicable to existing gas turbines. However, the high combustion temperatures at
the turbine inlet due to stoichiometric combustion need to be reduced with further post
combustion CO, dilution. The third approach offers the possibility of using high O,
concentration flames in a staged flame configuration. The benefit of good flame stabiliza-
tion at high Os concentration can be utilized to obtain primary flame anchoring as in a
pilot burner system, while temperature reduction can be achieved by operating a higher
COs dilution configuration to reduce combustion temperatures. The occurrence of high
thermo-acoustic oscillations for such O, concentrations could prove to be a challenge.
Since this behavior is system dependent, careful consideration of different acoustic modes
in the system would be required in the design of such a gas turbine. Which of these
approaches find application needs further investigation together with other components
of an oxyfuel gas turbine. The individual components and their interaction needs to be

studied in order to identify an optimized solution.
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