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SINGLE DYNAMIC PRESSURE SENSOR BASED FLAME MONITORING OF A
GAS TURBINE COMBUSTOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation in part of copending International Application
PCT/EP2014/054524 entitled “Method for Monitoring a Flame State,” filed on March 10,
2014, which claims priority to European Patent Application Serial No. 13163529 4 filed
on April 12, 2013.

[0002] This application incorporates by reference the following co-pending United States
utility patent applications in their entirety as if fully set forth herein:

[0003] “Flame Monitoring of a Gas Turbine Combustor Using Multiple Dynamic
Pressure Sensors in Multiple Combustors”, filed concurrently herewith, Attorney Docket

No. 2014P20106US;

[0004] Flame Monitoring of a Gas Turbine Combustor Using a Characteristic Spectral
Pattern from a Dynamic Pressure Sensor in the Combustor”, filed concurrently herewith,

Attorney Docket No. 2014P20107US;

[0005] “Nonintrusive Performance Measurement of a Gas Turbine Engine in Real

Time”, filed on July 28, 2014, Serial Number 14/341,950;

[0006] “Nonintrusive Transceiver and Method for Characterizing Temperature and
Velocity Fields in a Gas Turbine Combustor”, filed on July 28, 2014, Serial Number
14/341,924;

[0007] “Active Mecasurement Of Gas Flow Temperature, Including In Gas Turbine
Combustors”, filed on March 13, 2014, Serial Number 14/207,741;
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[0008] "Active Measurement of Gas Flow Velocity or Simultancous Measurement of
Velocity and Temperature, Including in Gas Turbine Combustors" filed on March 13,
2014, Serial Number 14/207,803;

[0009] “Active Temperature Monitoring In Gas Turbine Combustors”, filed on
December 18, 2013, Serial Number 14/132,001;

[0010] “Multi-Functional Sensor System For Gas Turbine Combustion Monitoring And
Control” filed on December 18, 2013, Serial Number 14/109,992;

[0011] “Temperature Measurement In A Gas Turbine Engine Combustor”, filed on
March 14, 2013, Serial No. 13/804,132; and

[0012] “Gas Turbine Engine Control Using Acoustic Pyrometry”, filed on December 14,
2010, Serial No. 12/967,148, Publication No. US2012/0150413.

[0013] This application also incorporates by reference in its entirety as if fully set forth
herein United States Patent No. 7,853,433, “Combustion Anomaly Detection Via
Wavelet Analysis Of Dynamic Sensor Signals”, issued December 14, 2010.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0014] The invention relates to a method and apparatus for monitoring a flame state in a
combustion chamber of a gas turbine using dynamic pressure sensors. More specifically,
it relates to the use of a single dynamic pressure sensor arranged in a pressure influence
zone of a combustor of the combustion chamber to determine a flame state in the

combustor.

2. Description of the Prior Art
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[0015] A gas turbine is a flow machine in which a pressurized gas expands. It comprises
a turbine or expander, a compressor connected upstream thercof, and a combustion
chamber positioned therebetween. The operating principle is based on the cycle process
(Joule process): This compresses air by way of the blading of one or more compressor
stages, subsequently mixes said air in the combustion chamber with a gaseous or liquid
fuel, ignites and combusts the same. The air is also conducted into a secondary air
system and utilized for cooling in particular components that are subject to extreme

thermal stresses.

[0016] This results in a hot gas (mixture composed of combustion gas and air) which
expands in the following turbine section, with thermal energy being converted into
mechanical energy in the process and in the first instance driving the compressor. The
remaining portion is employed in the shaft driving mechanism for driving a generator, a
propeller or other rotating loads. In the case of the jet power plant, on the other hand, the

thermal energy accelerates the hot gas stream, which generates the thrust.

[0017] Typically, a plurality of combustors is provided, arranged annularly around the
turbine axis and having corresponding injector nozzles for fuel. In such a configuration
the combustors can be arranged as individual combustors, referred to as baskets, which
are connected only shortly before the entry into the turbine (referred to as a can or can-
annular design), or the combustors can be arranged in a common ring-shaped combustion
chamber (referred to as an annular design). When the gas turbine is started up, the fuel-
air mixture in the respective combustion chamber is ignited by means of igniters.

Thereafter the combustion takes place continuously.

[0018] The continuous monitoring of the flame, in particular in cach individual
combustor in the case of the can-type or can-annular-type design, is important for the
operational safety of the gas turbine in order to avoid dangerous situations due to the
ingress of unburnt fuel in the combustion chamber or the turbine outlet. In this case the

monitoring of the flame state must be performed quickly so that no dangerous air-fuel
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mixtures are produced over a relatively long period of time. Response times of less than
a second are desirable. In particular the igniting and extinguishing of flames must be
reliably detected at any given time, especially also in situations such as a load throw-off,

during powering down of the gas turbine, or in partial extinguishing of individual flames.

[0019] Optical and temperature-based systems are known for monitoring the flame state.
Optical systems measure the light emitted by the flame directly and typically are
comparatively quick. A disadvantageous aspect with systems of said type, however, is
the susceptibility of the optical components to soiling by particles, dust, soot, oil, as well
as water and condensation. The soiling reduces the flame detection capabilities of such

systems as well as their reliability and operational availability.

[0020] As an alternative to such optical systems, systems have therefore been developed
which are based on the dynamic measurement of the pressure in the pressure influence
zone. A system of said type is described for example in US 7,853,433 B2. In this casc a
piczoelectric pressure sensor is arranged in the pressure influence zone of cach
combustor. The time signal of the pressure sensor is digitized and subjected to a wavelet
analysis. The wavelet analysis enables the flame state and a flame flashback to be
detected based on the comparison of the normalized amplitudes of the wavelet
coefficients with predetermined threshold amplitudes. In this case the signals are
normalized using the mean value of all of the combustors, as a result of which the
threshold value is specified. If said threshold values are exceeded it signifies a deviation
from the normal state and consequently a change in the flame state, cither the igniting or

extinguishing of the flame or a flame flashback.

[0021] However, the method described in US 7,853,433 B2 has the disadvantage that
certain flame states are not detected. An extinction of all of the combustor flames will

not be detected, for example.
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[0022] To reduce costs it is desired to use already existing sensors for flame monitoring.
Dynamic pressure sensors are available from the monitoring of the combustion dynamics
and can be used for flame monitoring. Some current combustion dynamics monitoring
systems utilize two dynamic pressure sensors per combustor. Future gas turbines will
potentially utilize only one dynamic pressure sensor per combustor. To prevent the need
for additional instrumentation and thus to keep a cost advantage, a need exists in the art

to detect and monitor a turbine combustor flame using a single sensor per combustor.

[0023] A further need exists in the art to detect a condition of simultaneous flame-out in

all combustors using a single sensor per combustor.

[0024] There is an additional need in the art to filter the acoustic data received from a
sensor in a combustor to focus the analysis on specific, localized sound sources while

disregarding background noise.

SUMMARY OF THE INVENTION
[0025] Accordingly, it is therefore the object of the invention to provide a more reliable
and more accurate detection of the flame state for cach individual flame in the

combustion chamber of a gas turbine.

[0026] It is a further object of the invention is to provide methods and systems for
detecting and monitoring flames in individual combustors of a gas turbine combustor

chamber wherein only a single sensor is present in cach combustor.

[0027] Another object of the invention is to detect and monitor a combustor flame by
performing an autocorrelation operation on a signal received from a single sensor in cach

combustor.

[0028] Exemplary embodiments of the invention feature a method for monitoring a flame

in a gas turbine engine combustor. A dynamic pressure sensor output signal is received
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from a single acoustic sensor positioned in the gas turbine engine combustor, the output
signal being indicative of acoustic oscillations within the gas turbine engine combustor.
An autocorrelation operation is performed on the dynamic pressure sensor output signal
to identify time-separated portions of the signal having autocorrelation values. Based on
the autocorrelation values, a determination is made whether the time-separated portions
of the signal include portions indicative of acoustic oscillations emitted by the flame in
the gas turbine engine combustor and received directly by the single acoustic sensor, and
portions indicative of reflections of the acoustic oscillations emitted by the flame. Based
on the determination, it is determined whether a flame is present in the gas turbine engine

combustor.

[0029] Other exemplary embodiments of the invention feature a system for monitoring a
flame in a gas turbine engine combustion chamber. The system includes a single acoustic
sensor positioned for measuring acoustic oscillations within a combustor of the gas
turbine engine combustion chamber, a processor connected for receiving a dynamic
pressure sensor output signal from the single acoustic sensor, and computer readable
media containing computer readable instructions that, when executed by the processor,
cause the processor to perform operations. The operations include those referenced

above in summarizing the method.

[0030] Additional exemplary embodiments of the invention feature a method for
monitoring flame status in a combustor in a gas turbine engine combustion chamber. For
the combustor, a dynamic pressure sensor output signal is received from a single acoustic
sensor positioned in the combustor, the dynamic pressure sensor output signal being the
only received signal indicative of acoustic oscillations within the combustor. Signal
processing operations are performed on the dynamic pressure sensor output signal.
Based on results of the signal processing operations, the flame status in the combustor is

determined.
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[0031] The respective objects and features of the exemplary embodiments of the
invention may be applied jointly or severally in any combination or sub-combination by

those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS
[0032] The invention is explained in more detail with reference to an exemplary

embodiment illustrated in a drawing, in which:

[0033] FIG. 1 shows time signals of two dynamic pressure sensors in the flame exit

region of a combustor.

[0034] FIG. 2 shows the coherence function of the two time signals in two time

segments.

[0035] FIG. 3 shows the evolution in time of the correlation coefficient of the two

filtered time signals in the case of a load throw-off.

[0036] FIG. 4 shows the evolution in time of the correlation coefficient of the two

filtered time signals in the case of a controlled gas turbine shutdown.

[0037] FIG. 5 shows the evolution in time of the correlation coefficient of a plurality of

combustors during the ignition sequence.

[0038] FIG. 6 shows the evolution in time of the correlation coefficient of a plurality of

combustors during the ignition sequence in comparison with data of optical sensors.

[0039] FIG. 7 is a block diagram of a method for monitoring a flame state in a gas
turbine.

[0040] FIG. 8 shows a gas turbine.
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[0041] FIG. 9 shows the evolution in time of the correlation coefficient of the time

signals of the pressure sensors in the case of a load throw-off.

[0042] FIG. 10 shows the evolution in time of the correlation coefficient of the time

signals of the pressure sensors in the case of a controlled gas turbine shutdown.

[0043] FIG. 11 shows a cross section of a gas turbine engine combustor according to one

embodiment of the invention.

[0044] FIG. 12 is a block diagram of a method for monitoring a flame state in a gas

turbine according to one embodiment of the invention.

[0045] FIG. 13A shows a cross section of a gas turbine engine combustor according to

one embodiment of the invention.

[0046] FI1G. 13B shows the evolution in time of a combustor acoustic impulse response.

[0047] FIG. 14A shows a cross section of a gas turbine engine combustor according to

one embodiment of the invention.

[0048] FIG. 14B is a diagram showing acoustic sensor autocorrelation over time during a

fast shutdown of a gas turbine.

[0049] FIG. 15 is a flow chart showing a method according to one embodiment of the

invention.

[0050] FIG. 16 shows a cross section of a gas turbine engine combustor according to one

embodiment of the invention.



WO 2015/138369 PCT/US2015/019554

[0051] FIG. 17 shows a cross section of a gas turbine engine combustor according to one

embodiment of the invention.

[0052] FIG. 18 shows a cross section of a gas turbine engine combustor according to one

embodiment of the invention.

[0053] FIG. 19 is a flow chart showing a method according to one embodiment of the

invention.

[0054] FIG. 20 is a chart showing an extracted frequency pattern representing a flame

according to one embodiment of the invention.

[0055] FIG. 21 is a flow chart showing a method according to one embodiment of the

invention.

[0056] Like parts are labeled with the same reference signs in all the figures.

DETAILED DESCRIPTION

[0057] FIG. 1 shows the signals of two dynamic pressure sensors which are based on
piczoelectricity in order to provide an optimal, precise pressure measurement.
Alternatively, sensors of a different type may be used as pressure sensors provided they
permit the current pressure value to be inferred, for example thermocouple elements
whose signal also has a dependent relationship with the pressure signal. The dynamic
pressure sensors are arranged at two different locations in the pressure influence zone of a
combustor in a gas turbine. What is understood by pressure influence zone in this context
is an arca whose pressure fluctuations are dependent to a large extent on the dynamics of
the flame of the respective combustor. In the case of a gas turbine of the can-annular type
this can be for example an arca within the respective basket of the combustor. The
pressure sensors are typically arranged upstream of the flame. The gas turbine is

explained in detail below with reference to FIG. 8.
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[0058] FIGS. 1 to 6 cach show graphs. In FIG. 1, the signal of cach of the two dynamic
pressure sensors is plotted against time. Because the signals of the pressure sensors are
digitized in the method execution sequence described in detail in FIG. 7, the scale of the
abscissa in this case is held directly in 10,000 sampling points. The sampling frequency
is 25600 Hz in this case. FIG. 1 shows three succeeding data blocks, each 1 second long.
Shorter data blocks of 0.6 or 0.3 seconds in length are used in the method, which means

that in the latter case an evaluation can take place every 0.3 seconds.

[0059] However, the evaluation is not necessarily performed serially, but rather the time
periods may also overlap. Thus, for example, data blocks having a length of 0.6 seconds
can be evaluated every 0.3 seconds. This enables a fast response speed of the evaluation

while at the same time delivering good statistics.

[0060] FIG. 2 shows an example of a filtering of the signals of one data block from FIG.
1 in cach case. Two time signals in one data block, i.e. in a common time segment, are
Fourier-transformed and their coherence function calculated. The formula of the

coherence function reads:

y = Gy
GXXny‘

[0061] Two coherence functions of different data blocks whose values can lie between 0
and 1 are plotted in the graph of FIG. 2, specifically once for a burning flame (upper
curve) and once for an extinguished flame (lower curve). The coherence functions are

plotted in the range from 0 to 500 Hz in each case.

[0062] FIG. 2 clearly illustrates the significantly higher coherence of the signals in the
case of a burning flame. The coherence function lies above 0.8 in a wide range from
approx. 80 to 350 Hz, whereas in the case of an extinguished flame it never climbs above
0.4.

10



WO 2015/138369 PCT/US2015/019554

[0063] The coherence function shown in FIG. 2 is used in the sequence described in FIG.
7 for filtering the signal. Outside of ranges in which the coherence in the case of a
burning flame is higher than 0.8, the amplitudes of the frequencies in the Fourier-
transformed data blocks are set to 0. Subsequently the thus processed respective data
blocks are transformed back into the time domain once more by means of an inverse

Fourier transform and processed further there.

[0064] The signals now present in the time domain once again are now processed further
for cach data block and each combustor. The correlation coefficient is formed
continuously from the two signals of each combustor, per data block in cach case, so that
an up-to-date correlation coefficient is present every 0.3 seconds. Variations with time of

the correlation coefficients are shown in FIGS. 3 to 6.

[0065] FIGS. 3 to 5 show the variation with time of the correlation coefficients for a total
of twelve different combustors. The correlation coefficient is plotted against the time in

seconds in cach case. A fixed band pass filtering of the signals was carried out between

40 and 600 Hz in each case.

[0066] FIG. 3 shows the variation with time for a so-called trip, i.c. a fast shutdown as a
consequence, for example, of a threshold value for an operating parameter such as the
rotational speed being exceeded. At approx. 24 seconds, a fast shutdown of the gas
turbine is executed with interruption of the fuel supply to the combustors. The graph
shows an increase in the coherence up to practically the value 1 from second 10, which
signifies a high flame intensity. This corresponds to the expected highly dynamic state
during a trip. From the moment of the fast shutdown in which the flames are
extinguished, the coherence decreases rapidly and oscillates around zero. Most of the
deflections in this case are below 0.2, with the correlation coefficient never deflecting

above 0.4.

11
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[0067] FIG. 4 shows the variation with time of the correlation coefficients of the
combustors for a routine controlled shutdown of the gas turbine. During routine
operation the correlation coefficients vary between 0.6 and 0.8. In the event of a
shutdown of the gas turbine with stopping of the fuel supply to the combustors at second
52, the correlation coefficient drops rapidly to values below 0.2. The flames are

extinguished.

[0068] FIG. 5 shows the variation with time of the correlation coefficients for the ignition
phase, i.c. the startup of the gas turbine. The first ignition takes place at second 15. The
exaggerated increase in the correlation coefficients of a total of four combustors
compared to the other combustors is clearly recognizable. Only these combustors have
ignited in the first step, because their correlation coefficients increase significantly above
a value of 0.2. The ignition time points are likewise clearly to be differentiated, as also is
the extinction of the flames at second 35. At the time of the second ignition around

second 43 it is apparent that only a single combustor ignites.

[0069] FIG. 6 shows an alternative method of monitoring during the ignition sequence.
In this instance the root mean squares of the oscillations have been determined during the
data block and weighted with the correlation coefficient. This value is marked on the
right-hand ordinate and corresponds in a range from 0 to 1.4 to a flame intensity of 0 %
to 100 % plotted on the left-hand ordinate. In this case the threshold value for the
igniting of the flame has been set to a flame intensity of 40 %. One skilled in the art will
recognize that other weighted representations of the oscillations may be used, such as a

logarithm representation or a sinusoidal weighted representation.

[0070] The figure shows the root mean squares, weighted with the correlation coefficient,
of the pressure sensors of different combustors (unbroken lines) in comparison with
values from optical sensors (dashed lines, same line thicknesses correspond to same
combustors in cach case). The time axis is specified here in hours:minutes:seconds.

During the ignition sequence the curves determined as described from the pressure

12
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sensors infringe the threshold value up to 1 second carlier than the values determined
from the optical sensors. The igniting of the flame is therefore detected more quickly.
This difference becomes even clearer at the time of the flame extinction approximately
from 10:22:37. In this case the values obtained from the pressure sensors are below the
threshold value by up to 5 seconds before the values obtained from the optical sensors.
The detection of an extinguishing flame is considerably faster with the described method

and consequently increases the operational safety of the gas turbine significantly.

[0071] It holds in all of the above-cited applications of the method that the selected
threshold values can be adaptively adjusted for different modes of operation of the gas
turbine. In one embodiment variant, for example, other threshold values can apply for
the powering up of the gas turbine when the combustor flames are ignited than during
ongoing operation. This enables empirical values to be taken into account with regard to

the different flame dynamics.

[0072] FIG. 7 summarizes the method 1 in a block diagram: For each combustor 2 of the
gas turbine two piezoelectric-based dynamic pressure sensors 4 exist at two different
positions in the pressure influence zone thercof. Since the arrangement and the method
are identical for all of the combustors 2, the method is fully illustrated using only the
example of the combustor 2 depicted in the upper part of the drawing. The remaining
cleven combustors 2 in the exemplary embodiment are consolidated as a single

combustor 2 in the block diagram.

[0073] The signals of the two pressure sensors 4 are input into an A/D converter 6 and
digitized. A sampling frequency of 25600 Hz is used in this case. Subsequently the
digitized data is input into a preprocessing module 8. Here, the data is divided into data
blocks of the respective time segment that are approx. 0.3 to 0.6 seconds long. For each
data block, filtering takes place using a fixed bandpass filter between for example 80 and

350 or 80 and 600 Hz and/or using the dynamic method by way of the coherence of

13
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simultaneous data blocks as described in FIG. 2. Suitable resolutions for the Fourier

transforms that are necessary here lic between 1 and 6 Hz.

[0074] The filtered data blocks having a length of 0.3 to 0.6 seconds are input into a
calculation module 10. There, the correlation coefficient is formed from the
simultancous data blocks during ongoing operation (upper formula), while root mean
squares weighted with the correlation coefficient are formed during the startup phase
(lower formula). A value thus results per combustor for cach data block and hence time

segment. Said value is input into an evaluation module 12.

[0075] As soon as the input value climbs above 0.4, “Flame ON”, i.e. flame active, is
output as the output signal. If the value drops below 0.2, the output signal is output as
“Flame OFF”, i.c. flame extinguished. In this case averaging over at least two
consecutive data blocks can also be performed in addition in the evaluation module 12 in
order to minimize statistical fluctuations. The averaging can also take place continuously
over a plurality of data blocks and be provided with an ¢.g. exponential weighting so that
current data blocks are weighted higher. The use of threshold output signal values is
merely exemplary. Other measures, such as the steepness of a drop over time or the

difference between results from different combustors, may alternatively be used.

[0076] FIG. 8 shows the gas turbine 101. The lower half of FIG. 8 shows a view from
above, the upper half a cross-sectional view. A gas turbine 101 is a flow machine. It has
a compressor 102 for combustion air, a combustion chamber 104, as well as a turbine unit
106 for driving the compressor 102 and a generator (not shown) or a work machine.
Toward that end the rotating parts of turbine unit 106 and compressor 102 are arranged
on the rotor 108, to which the generator or work machine is also connected and which is
rotatably mounted around its central axis 109. The combustion chamber 104
implemented in a can-annular design in the exemplary embodiment comprises a number
of tube-shaped individual combustors 2 which may include baskets. Each of the

combustors 2 is equipped for combusting a liquid or gascous fuel.

14
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[0077] The turbine unit 106 has a number of rotatable moving blades 112. The moving
blades 112 are part of the rotor 108 and are arranged annularly on turbine disks 113, thus
forming a number of moving blade rings or rows. In addition the turbine unit 106
comprises a number of stationary guide vanes 114 which are likewise mounted annularly
to a guide vane carrier 116 of the turbine unit 106, thus forming guide vane rows. In this
arrangement the moving blades 112 serve to drive the rotor 108 through transfer of
momentum from the working medium M flowing through the turbine unit 106. The
guide vanes 114, in contrast, serve to guide the flow of the working medium M between
in each case two succeeding moving blade rows or moving blade rings, viewed in the
flow direction of the working medium M. A succeeding pair consisting of a ring of guide
vanes 114 or a guide vane row and of a ring of moving blades 112 or a moving blade row

is also referred to in this context as a turbine stage.

[0078] Each guide vane 114 has a platform 118 which is arranged as a wall element for
fixing the respective guide vane 114 to a guide vane carrier 116 of the turbine unit 106.
Each moving blade 112 is mounted in an analogous manner on a turbine disk 113 by way
of a platform 119, which is also referred to as a blade root. In such an arrangement the
platforms 118, 119 are components that are subject to comparatively severe thermal
stresses and form the outer boundary of a hot gas duct for the working medium M
flowing through the turbine unit 106. The rotor 1, which is enclosed by the hot gas duct,
is also subject to extreme thermal stresses, in particular during transient processes such as

the startup of the gas turbine 101.

[0079] A ring segment 121 is arranged in each case on a guide vane carrier 116 of the
turbine unit 106 between the platforms 118, arranged spaced at a distance from one
another, of the guide vanes 114 of two adjacent guide vane rows. The outer surface of
cach ring segment 121 is in this case likewise exposed to the hot working medium M
flowing through the turbine unit 106 and in the radial direction is spaced apart by a gap
from the outer end of the moving blades 112 disposed opposite thereto. The ring

15
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segments 121 arranged between adjacent guide vane rows in this case serve in particular
as cover elements which protect the inner housing in the guide vane carrier 116 or other
built-in housing parts from excessive thermal stress due to the hot working medium M

flowing through the turbine 106.

[0080] As already described, the combustion chamber 104 is embodied in the exemplary
embodiment as what is termed a can-annular combustion chamber, in which a plurality of
combustors 2 arranged around the rotor 1 in the circumferential direction are arranged
individually, leading into the turbine unit 106 on the outlet sides. Here, two described
pressure sensors 4 per combustor 2 are arranged in each case in the respective pressure
influence zone thereof, in this instance upstream of the fuel inlet. The shape of the
combustion chamber is not critical for the applicability of the above-described method.
The method is equally suitable for use in gas turbines 101 having other combustion

chamber shapes such as e.g. annular-type combustion chambers.

[0081] If only one pressure sensor 4 is provided per combustor 2 or if one pressure
sensor 4 fails, the signal of an adjacent combustor 2 can alternatively be used for the
correlation calculation or an autocorrelation of the signals of the same pressure sensor 4

can be calculated and used. This is shown in FIGS. 9 and 10.

[0082] FIGS. 9 and 10 show the expected variation with time of the autocorrelation
cocfficients for a total of twelve different combustors, based on measured cross-
correlation values. The autocorrelation coefficient is in this case the expected correlation
coefficient of the signals of two time segments of the same combustor that are offset with
respect to one another. The autocorrelation coefficient is in cach case plotted against the

time in seconds.

[0083] FIG. 9 shows, analogously to FIG. 3, the variation with time for a trip. A fast
shutdown of the gas turbine with interruption of the fuel supply to the combustors takes

place at approx. 34 seconds. The graph shows an increase in the coherence up to almost
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the value 1 from second 25, which signifies a high flame intensity. This corresponds to
the expected highly dynamic state during a trip. However, the increase is not quite so
clear as in FIG. 3, i.c. in the case of the cross-correlation of two sensors. From the
moment of the fast shutdown in which the flames are extinguished, the coherence
decreases to a value around approx. 0.35. Deflections of individual signals above 0.5
also occur, however. Here too, therefore, higher coherence values with extinguished

flames are produced compared to FIG. 3.

[0084] A similar picture with even clearer differences results in FIG. 10. FIG. 10 shows,
analogously to FIG. 4, the variation with time of the correlation coefficients of the
combustors for a routine controlled shutdown of the gas turbine. During routine
operation the correlation coefficients vary between 0.5 and 0.7, i.c. approx. 0.1 lower
than in the case of the cross-correlation between two sensors. In the event of a shutdown
of the gas turbine with stopping of the fuel supply to the combustors at second 22, the
correlation coefficient falls rapidly to values around approx. 0.35, likewise again with

deflections above 0.5.

[0085] Overall, therefore, the autocorrelation of one sensor still allows a stable inference
to be made with regard to the current flame state. However, the resulting values are not
as clear as in the correlation of two independent sensors and the threshold values must be
adjusted accordingly. Thus, if two sensors are provided per combustor, the
autocorrelation should be used only if one sensor fails. On the other hand, the use of the
autocorrelation makes it possible for existing gas turbines having only one pressure

sensor per combustor to undergo a software-side retrofit.

[0086] Single Sensor Methods

[0087] The use of autocorrelation and other single-sensor methods makes possible the
detection and monitoring of combustor flames using only one sensor per combustor,
reducing the costs of sensors and associated wiring and interfacing. Furthermore, gas

turbine control has been trending toward the use of only one sensor per combustor.
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Single sensor flame monitoring makes possible the implementation of flame monitoring

in such new turbines without installing additional sensors.

[0088] The above-described flame detection technique using dynamic pressure sensors
utilizes data from two sensors per combustor to detect a flame-off condition in all
combustors simultaneously. A summary of that concept is reviewed here with reference
to a sectional view of the combustor 1100 of FIG. 11. Fuel introduced through the ports
1105, 1106 is mixed with compressed air in the combustor 1110 and ignited, creating a
flame 1120. Two dynamic pressure sensors 1130, 1131 receive acoustic oscillations
1140 generated by the flame 1120 and convert those oscillations into signals that can be
analyzed by a processor. As described above, the status of the flame 1120 can be reliably
detected and monitored by combining information about the locations of the sensors
1130, 1131 and the flame 1120 with the spectral content contained in the sensor signals.
The assumption is made that without the flame 1120 there exists no acoustic source at the
flame location that emits spectral content similar to the flame. That concept has been

validated on sensor data from a real gas turbine installation.

[0089] A block diagram 1200, shown in FIG. 12, summarizes the disclosed methods for
determining flame status using a single sensor 1220 per combustor 1210. An analog
signal received from the sensor is converted to a digital signal by an analog-to-digital
(A/D) converter 1230. The converter may, for example, be contained within an industrial
programmable logic controller (PLC) used to control the gas turbine. The digital signal is
then transmitted to a processor 1240, which may also be a processor within a PLC.
Additional signals 1235 from other single sensors in other combustors (not shown) may
also be transmitted to the processor 1240. The digital signal may be prepared by a
preprocessor 1250 such as by filtering, scaling, or smoothing. The preprocessed digital
signal is then received by a flame status determination algorithm 1260 in the processor
1240 for making a determination of flame status. The determination is generally an “on”
or “off” determination. The determination may be used by the industrial PLC to generate

alarms or take other action.
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[0090] Single Sensor Autocorrelation

[0091] In cases where only one dynamic pressure sensor per combustor is available, one
solution for monitoring flame status is to utilize reflections from the walls of the
combustor that act as virtual microphones. A sectional view of a turbine combustor

1300, shown in FIG. 13A, is used to visualize that concept. A dynamic pressure sensor
1310 receives acoustic oscillations from the flame 1320 through the direct path 1340 as
well as through an indirect path 1341 including reflections from the combustor wall 1350.
The signal contribution from the reflections is delayed compared to the direct path as the

reflected sound travels longer distances.

[0092] A graph 1360 (FIG. 13B) of a time response to an impulse signal, measured by a
sensor in a basket of a micro turbine, illustrates this flame monitoring principle. The
graph shows the signal that would be observed by a dynamic pressure sensor if one
would emit a short signal pulse. The graph 1360 demonstrates that the impulse is not
only observed once as a direct signal 1370 but also through multiple reflections as
indirect signals 1380. The delays of the reflections are dependent on the physical
dimensions of the combustor as well as the source (flame) and receiver (sensor) locations,
which are fixed, and also on the gas properties such as temperature, gas composition and
flow. That is, the impulse response from the flame location to the dynamic pressure

sensor is varying due to changing gas properties during operation.

[0093] Note that an equal change of the gas properties over all locations inside the burner
results in an equal change of the speed of sound and thus a uniform stretching or
compression of the impulse response. In real turbine operation, however, the temperature
and flow are distributions rather than constant values. Some signal paths are therefore
affected more strongly than others by changes in gas properties, resulting in a warping of
the impulse response. Inasmuch as the true flame signal is not known, it can be difficult
to accurately predict the impulse response using a single sensor. It is known, however,

that the gas parameters are limited to a physically feasible range. Furthermore, the
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geometry of the turbine combustor and, if present, the basket, is fixed. That allows the
prediction of a time delay range in which it is physically possible for the main reflections

to be observed. In the following representation of the recorded signal x(t) it is assumed

that the recorded signal * £¥is a linear combination of the source 2 signal s(t) and its

time delayed reflections [s; (t — t;),s,(t — t5), -, sy(t — tp)]:
N

x(t) = s(t) + Z s, (t —t,).

n=1
That expression may be simplified by separating the amplitude a from the reflections:

s;(t —t;) & ay *s(t —t;). Then
N

x(t) = s(t) + Z(an £ 5(t — t)

n=1
[0094] In the presently disclosed autocorrelation method, the reflections s (t — ¢,,)
e maximally correlate with the direct path signal s(t) are extracted.
Specifically, the time delays of the reflection paths are limited to the physically possible
range, represented by line 1385 of FIG. 13B, given the minimum and maximum gas
parameters and the physical dimensions of the burner and combustor. Signals indicating
reflection paths falling outside that range are ignored. Thereafter, the flame status can be
monitored by correlating the spectral content of the flame from the reflected to the direct

path signal.

[0095] A cross-sectional view of a combustor 1400, shown in FIG. 14A, illustrates a
scenario wherein no flame is present but there exists acoustic noise from outside the
combustor 1400. The presently described technique assumes that the external acoustic
noise 1440 received by the sensor 1410 is not coming from the same combination of
locations where the flame signal is reflected from the inner burner walls. Furthermore,
the technique assumes that different acoustic noise sources are uncorrelated and do not
emit in the frequency range of the flame signal. Therefore, the single-sensor flame
detection method can distinguish external and internal noise from a flame signal and thus

detect flameout.
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[0096] A graph 1460, shown in FIG. 14B, shows autocorrelation values on a time axis
for a trip, or fast shutdown, of a gas turbine. After autocorrelation stabilizes in all
combustors, the fuel supply is interrupted to all combustors. From the time of the trip,

autocorrelation decreases rapidly to a measurably lower value.

{00971 A flow chart 1500, shown in FIG. 15, illustrates one method in accordance with
the autocorrelation technique described herein. A dynamic pressure scnsor output signal
is received at block 1510 from a single acoustic sensor positioned in the gas turbing
engine combustor. The output signal 18 indicative of acoustic oscillations within the gas
turbine engine combustor. As discussed above, that output signal may be filtered to
exclude frequencics outside an cxpected frequency range cmitted by the flame in the gas
furbine engine combustor. The dynamic pressure sensor output signal yoay be reccived in

tirne-based data blocks, such as blocks having a time period of 1 second or less.

{00981 An autocorrelation operation 15 performed at block 1520 on the dynamic pressure
sensor output signal to identify time-separated portions of the signal. Each time-
separated portion of the signal 15 assigned an autocorrelation value. In one embodiment,
useful for momtoring during an ignition sequence, the autocorrelation operation
comprises computing representations of oscillations in the output signal and weighting
the representations with the autocorrelation values. The representations may comprise

root mean sguares, logarithms or sinusoidal weighted representations.,

{0099] In order to limit the analvsis of acoustic reflections to reflections that are
physically possible within the combustor, the time-~separated portions of the signal may
be filtered to exclude portions having a delay range longer than a maximum threshold
delay range. The maximum threshold delay range 1s based on physical dimensions of the
gas turbine engine combustor and a maximum cxpected speed of sound in the gas turbing

engine combustor.
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{03100} Based on the autocorrelation values, a determination is made at block
1530 that the time-separated portions of the signal include portions indicative of acoustic
oscillations emitted by the flame in the gas turbine engine combustor and received
dircctly by the single acoustic sensor, and portions indicative of reflections of the
acoustic oscillations emitted by the flame. The determination may be made by
determining that the autocorrciation values of the time-separated portions of the signal
tall above an autocorrclation value threshold. The antocorrelation value threshold may,

for cxample, be a value greater than 0.5,

(00101 Bascd on the determination that the time-separated portions of the signal
include portions indicative of acoustic oscillations emitted by the flame in the gas turbine
engine combustor and received directly by the single acoustic sensor, and portions
indicative of reflections of the acoustic oscillations emitted by the flame, the technique

determines at block 1540 whether a flame is present 1n the gas turbine engine combustor,

[00102] Dual Combustor Cross-Correlation

[00103] In an alternative signal processing technique for flame monitoring using a
single dynamic pressure sensor per combustor, the signal coherence between combustors
is utilized. In the combustion chamber 1600 shown in FIG. 16, a flame 1620 is burning
in combustor 1610 and a flame 1621 is burning in combustor 1611. A dynamic pressure
sensor 1630 records acoustic emissions present in combustor 1610 and a dynamic
pressure sensor 1631 records acoustic emissions present in combustor 1611. In addition
to receiving direct and reflected acoustic oscillations such as oscillations 1640, the sensor
1630 also receives oscillations 1641 created by the flame 1621 in combustor 1611 and
propagated to the combustor 1610 containing the receiving sensor. Similar cross-
propagated oscillations are received by the other sensors. The cross-correlation between
the dynamic pressure signal 1640 received by the sensor in the combustor 1610 of the
monitored flame 1620 and a time delayed dynamic pressure signal 1641 of the monitored
flame received by a sensor 1631 in another combustor 1611 is evaluated to determine

flame status. The flame 1620 is considered online if the cross-correlation of the two
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signals is above a threshold. The physically possible time delay for the acoustic signal
1641 to arrive at the dynamic pressure sensor 1631 of the other combustor 1611 is

calculated and used to constrain the problem by filtering irrelevant signals.

{00104} The same flame monitoring arrangement for the combustion chamber
1600 may be used to detect a condition in which only onc of the two ilhustrated
combustors contains a flame, as shown in FIG. 17. Note that while the lower combustor
1611 contains a flame 1621, there is no flame in the upper combustor 1614, and therefore
1o dynamic pressure signal from the combustor 1616 that is received in cither of the

dynamic pressure sensors 1630, 1631,

{00105} The time delay constraint ensures that the correlation of the dynamic
pressure signal 1741 from the flame 1621 in the lower combustor 1611 does not result in
a {alsely detected flame signal in gpper combustor 1618, That is, the time delay of a
dynamic pressure signal from a flame in the upper combustor 1618 to ifs nearest dynamic
pressure sensor 1630 15 assumed to be shorter than the delay from that flame location to
the dynamic pressure sensor 1631 in the lower combustor 1611, On the other hand, the
acoustic waves from the flame 1621 in the lower combustor 1611 would first artive at the
dynamic pressure sensor 1631 in the lower combustor 1611, Thus the two scenarios can
be distinguished and the combustor without flame can be detected. This technigue
assumes that the autocorrelation of the monttored flame signal components 18 narrow

enough to distinguish between signals from different combustors.

{00106] The presently desceribed arrangement is also effective in determining flame
status in the scenarto where all flames in all combustors are off, as tHustrated in FIG. 18,
In that case, there exists only uncorrelated acoustic noise 1841 that does not maich the
physically motivated time delay range for acoustic waves to travel from a flame to the
respective dynamic pressure sensors 1630, 1631, It is further assumed that the spectral
content of the acoustic noise 1841 is distinguishable from a flame signal, providing an

additional criterion for identifying the acoustic noise,
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1001071 The flow chart 1900, shown in FIG. 19, illustrates one method in
accordance with the above-described dual combustor cross-correlation technique. The
method monitors flames in a plurality of gas turbine engine combustors arranged for
combusting fuel in a gas turbine cngine. At blocks 1910 and 1920, a processor receives
dynamic sensor output signals from first and second acoustic sensors positioned in a first
and second gas turbine engine combustors, respectively. The sensor outputs both contain
information indicative of acoustic oscillations gencrated by a first flame within the first
gas turbine engine combustor. In the case of the first sensor, the acoustic oscillations
propagate within the combustor from the flame to the scnsor. In the case of the second
sensor, the acoustic oscillations propagate from the flame in the first combustor, across
space between the first and sccond combustors, to the second sensor in the second

combustor.

100105} The dynamic sensor output signals may be received in data blocks of 1
second or less in length. To increase efficiency and speed, the first and second dynamic
sensor output signals roay be filtered to exclude frequencies outside an expected

frequency range emitted by the first flamne within the first gas turbine engine combustor.

{00109] The processor then performs a cross-correlation operation on the first and
second dynamic sensor output signals at block 1930, to determine a cross-correlation
value between the first and second acoustic oscillations. The cross-correlation operation
i3 constrained by a maximuom time delay between correlated components of the first and
second acoustic oscillations, The maximum time delay is based on the physical
parameters of the system. For example, it may be based on the physical geometry of the
gas turbine engine combustors and the maximum expected speed of sound in the gas

turbine engine combustors.

{03114} The cross-corrclation operation on the dynamic pressure sensor output

signals may further include computing representations of oscillations in the output
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signals, and weighting the representations with the cross-correlation values. The
representations may comprise root mean squares, logarithms or sinusoidal weighted

representations.

{00111} A determination is then made at block 1940 whether a flame is present in
the first combustor. Only if the cross-corrclation value mects a predetermined criterion, a
determination is made that the flamc is present. Otherwise, the processor determines that
a flame-out condition cxists. For example, the criterion may be a threshold cross-
correlation value such as 0.2, In that case, if the cross-correlation value is below 0.2, it i
determined that there is no flame in the combustor. Other criteria may be used to
determine flameout, such as a steepness of a drop in cross correlation value over time, or

a difference between two combustors,

[00112] As noted, at a given sensor, oscillations from the flamse 1o the same
combustor can be distinguished from oscillations from flames in other combustors by the
order the oscillations are received between two sensors. For example, it first acoustic
oscillations generated by a first flame reach a first acoustic sensor before second acoustic
oscillations generated by the first flame reach a second acoustic sensor, then it can be

concluded that the second acoustic osciliations are generated by the first flame.

{00113] The two sensors may be used to monitor flames in both combustors by
detecting oscillations from both flames. Specifically, in addition to the above, a third
dynamic sensor output signal is received from the first acoustic sensor positioned in the
first gas turbine engine combustor. The third dynamic sensor output signal contains
components indicative of third acoustic oscillations generated by a second flame within
the second gas furbine engine combustor and propagated to the first acoustic sensor
positioned in the first gas turbine engine combustor. Further, a fourth dynamic sensor
output signal is received from the second acoustic sensor positioned in the second gas
turbine engine combustor. The fourth dvnamic sensor output signal contains components

indicative of fourth acoustic oscillations generated by the second flame within the second
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gas turbine engine combustor. A cross-correlation operation is performed on the third
and fourth dynamic sensor output signals to determine a cross-correlation value between
the third and fourth acoustic oscillations. The cross-correlation operation is constrained
by a maximum time delay between correlated components of the third and fourth acoustic
oscitlations. A determination is made that the second flame is present within the second
gas turbine enginc combustor only if the cross-correlation value meets a predetermined

criterion.

{00114} The duration of an auntocorrclation of the first dynamic sensor output
signal is preferably sutficiontly narrow to pormit distinguishing the signal components
indicative of the first acoustic oscillations from the signal components indicative of the

third acoustic oscillations.

[00115] Characteristic Spectral Pattern

100116} Another technique for processing the dynamic pressure sensor output
signals for flame detection does not rely on the time delay of the various signal paths
from the flame to the dynamic pressure sensor. Tostead, it is possible to monitor the
spectral characteristics of the flame at the dynamic pressure sensor location, There are
two phenomena that make that possible. First, cach flame emits energy with a unique
and characteristic spectral pattern. Second, as noted above, the acoustic oscillations
recetved by the sensors include both direct and reflected signals. For the different
frequencies contained in a signal, the different path lengths of the reflections result in
constructive or destructive signal contributions at the sensor location. For example, if a
signal of frequency Fy arrives at the sensor through the direct path with the same
amplitude as a reflected signal in which the reflected path introduces a delay of 2/F (e,
a 180 degree phase shift), the direct path signal is canceled by the contribution of the

reflected signal and the sensor cannot see a signal at the frequency Fy.

(001171 The acoustic oscillations received at a sensor are therefore a function of

the individual acoustic propertics of the flame and also of the basket or combustor
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geometry. A “frequency key” or characteristic pattern that inciudes both the spectral
pattern of the flame and information on the cancellation may be used to identify and
detect the flame in the combustor. An example spectral characteristic pattern 2000,
ithustrated in FIG. 20, was extracted to represent the flame in s burner. By mmultiplying

that pattern with new data one can determine the current flame status.

{00115} One possibility for extracting such a characteristic pattern is to apply
feature extraction technigues to known ground-truth training data. In one technique,
spectral patterns are recorded at the sensor location when the corresponding Hlame is
burning and when the flame s off line. Those samples are processed using a feature
extraction algorithm. One can also provide training data for difficult-to-detect
operational states such as for an all-combustor shutdown where the engine remains very
notsy but all flames arc off hine. Additionally, the feature extraction algorithm s
provided with information on the flame state (1 = On, 0 = Off) for cach ground-truth
spectiral patiern. The {eature extraction algorithm is then used to find a reduced
representation set of spectral featores that links the input spectral pattern to the flame

state,

{0G119] To analyze a tive sensor feed, distances are calculated from a spectral
representation of the sensor signal to the patterns linked to each flame state. The closest
mateh 18 then selected. In one example, a projection technique is used. That 1, if one
multiplics the extracted spectral characteristic with the fnput spectral pattern froma
sensor feed, one receives the flame state within some small ervor. Characteristics
associated with a flame-on condition, when multiphed by the extracted spectral
charactenistic, vield a valoe close to 1. Characteristics associated with an off-line flame
condition, and characteristics associated with noise, when multiplied by the extracted
speetral characteristic, vield a value close to 0. Note that one could use distance
measures other than a projoction to gvaluate the similarity of the extracted spectral
characteristics and the currently monitored frequency pattern. Examples include a sum of

the squared distances, an L1 distance, cte.
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{03120 Methods for extracting a characteristic function include, for example,
Lincar Discriminant Analysis {LDA}, Canonical Correlation Analysis (CCA) and
Generalized Mutual Interdependence Analysis {(GMIA), described in H. Claussen, 1.
Rosca & R. Damper, Signature cxtraction using mutual interdependencies, 44 Pattern
Recognition 650 (201 1), which is incorporated by reference hercin. Note that these
methods are applicd on high dimensional data vectors with cach frequency component

representing one component of the vector,

(00121} A flow chart 2100, shown in FIG. 21, shows an example method for
monitoring a flame in accordance with the above-described characteristic spectral pattern
technigue. A dynamic pressure sensor ouiput signal 8 received at block 2010 from an
acoustic sensor positioned in the combustor. The output signal contains componenis that
arg indicative of acoustic oscillations within the combustor. The dynamic pressure sensor
output sigual may be filiered to exclude freguencies outside an expected frequency range

emitted by the flame in the combustor,

1001221 A spectral paticrn of the dynamic pressure sensor output signal is
compared, at block 2128, with a characteristic frequency patiern that inelondes
information about an acoustic spectral pattern of the flame and information about
acoustic signal canceling due to reflections of the dynamic pressure sensor output signal
within the combustor. The spectral pattern of the dynamic pressure sensor output signal
may also be compared with a characteristic frequency pattern that includes information
about an acoustic spectral pattern present in the combustor during a flame-out condition
in the combustor. The characteristic frequency patterns may be based on training data
with known ground truth regarding the flame conditions. Based on the comparison, a

determination is made at block 2130 whether or not a flame is present in the combustor,

(031231 As discussed above, the characteristic frequency pattern may be

determined using pattern recognition and feature extraction techniques. In one example,
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a first training spectral pattern of the dynamic pressure sensor output signal is recorded
while the flame is burning, and a sccond pattern is recorded while the flame is not
burning. The patterns may be recorded under a plurality of different regimes of
combustor operation so that the determination whether a flame is present may be made

under those respective regimes of operation.

1001241 A feature extraction analysis operation is performed on the two recorded
training spectral patterns to identify a spectral characteristic that can be used to link a
spectral pattern to a flame state. The determination is then made whether a flame i3
present in the combustor by evaluating a similarity of the spectral characteristic to the
spectral pattern of the dynamic pressure sensor output signal. The similarity may be

gvaluated using a distance measure,

{00125} A third training spectral pattern may be recorded while no flame s
burning in any combustor of the gas turbine engine combustion chamber. To that case,
noise from other components, such as bearings, air turbulence and vibrations, s
docomented and differentiated from the acoustic characteristics of a flame in the
combustor. The feature exitraction analysis operation may, for example, be applicd to a
data vector wherein each component of the vector represents a frequency component of

the spectral pattern of the dynamic pressure sensor output signal,

001261 Although various embodiments that incorporate the teachings of the
present invention have been shown and described in detail herein, those skilled in the art
can readily devise many other varied embodiments that still incorporate these teachings.
The invention is not Hmited in it application to the exemplary embodiment details of
construction and the arrangement of components set forth in the description or iHustrated
in the drawings. The invention is capable of other embodiments and of being practiced or
of being carried out in various ways. Also, it is to be understood that the phraseology and
terminology used herein is for the purpose of description and should not be regarded as

fimiting. The use of “including,” “comprising,” or “having” and variations thercof herein
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is meant to encompass the items listed thereafter and equivalents thereof as well as
additional items. Unless specified or limited otherwise, the terms “mounted,”

2% <e

“connected,” “supported,” and “coupled” and variations thereot are used broadly and
cncompass direct and indirect mountings, connections, supports, and couplings. Further,
“connected” and “coupled” are not restricted to physical or mechanical connections or

couplings.
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CLAIMS

What is claimed is:

1. A method for monitoring a flame in a gas turbine engine combustor, comprising:

receiving a dynamic pressure sensor output signal from a single acoustic sensor
positioned in the gas turbine engine combustor, the output signal being indicative of
acoustic oscillations within the gas turbine engine combustor;

performing an autocorrelation operation on the dynamic pressure sensor output
signal to identify time-separated portions of the signal having autocorrelation values;

based on the autocorrelation values, making a determination whether the time-
separated portions of the signal include portions indicative of acoustic oscillations
emitted by the flame in the gas turbine engine combustor and received directly by the
single acoustic sensor, and portions indicative of reflections of the acoustic oscillations
emitted by the flame; and

based on the determination, determining whether a flame is present in the gas

turbine engine combustor.

2. The method of claim 1, further comprising:
filtering the dynamic pressure sensor output signal to exclude frequencies outside

an expected frequency range emitted by the flame in the gas turbine engine combustor.

3. The method of claim 1, further comprising:
after performing the autocorrelation operation, filtering the time-separated
portions of the signal to exclude portions having a delay range longer than a maximum

threshold delay range.

4. The method of claim 3, wherein the maximum threshold delay range is based on
physical dimensions of the gas turbine engine combustor and a maximum expected speed

of sound in the gas turbine engine combustor.

5. The method of claim 1, wherein receiving a dynamic pressure sensor output
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signal from a single acoustic sensor further comprises:

receiving data blocks of 1 second or less in length.

6. The method of claim 1, wherein performing an autocorrelation operation on the
dynamic pressure sensor output signal further comprises:
computing representations of oscillations in the output signal; and

weighting the representations with the autocorrelation values.

7. The method of claim 6, wherein the representations are one of root mean square,

logarithm and sinusoidal weighted representations.

8. The method of claim 1, wherein making a determination further comprises:
making a determination whether the autocorrelation values of the time-separated

portions of the signal fall above an autocorrelation value threshold.

9. The method of claim 8, wherein the autocorrelation threshold value is greater than
0.5.

10. A system for monitoring a flame in a gas turbine engine combustion chamber,
comprising:

a single acoustic sensor positioned for measuring acoustic oscillations within a
combustor of the gas turbine engine combustion chamber;
a processor connected for receiving a dynamic pressure sensor output signal from
the single acoustic sensor;
computer readable media containing computer readable instructions that, when
executed by the processor, cause the processor to perform the following operations:
receiving the dynamic pressure sensor output signal from the
single acoustic sensor, the output signal being indicative of acoustic
oscillations within the combustor;
performing an autocorrelation operation on the dynamic pressure

sensor output signal to identify time-separated portions of the signal
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having autocorrelation values;

based on the autocorrelation values, making a determination
whether the time-separated portions of the signal include portions
indicative of acoustic oscillations emitted by the flame in the combustor
and received directly by the single acoustic sensor, and portions indicative
of reflections of the acoustic oscillations emitted by the flame; and

based on the determination, determining whether a flame is present

in the combustor.

1. The system of claim 10, wherein the operations further comprise:
filtering the dynamic pressure sensor output signal to exclude frequencices outside

an expected frequency range emitted by the flame in the combustor.

12. The system of claim 10, wherein the operations further comprise:
after performing the autocorrelation operation, filtering the time-separated
portions of the signal to exclude portions having a delay range longer than a maximum

threshold delay range.

13. The system of claim 10, wherein the maximum threshold delay range is based on
physical dimensions of the combustor and a maximum expected speed of sound in the

combustor.

14. The system of claim 10, wherein receiving a dynamic pressure sensor output
signal from a single acoustic sensor further comprises:

receiving data blocks of 1 second or less in length.

15. The system of claim 10, wherein performing an autocorrelation operation on the
dynamic pressure sensor output signal further comprises:
computing representations of oscillations in the output signal; and

weighting the representations with the autocorrelation values.
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16. The system of claim 15, wherein the representations are one of root mean square,

logarithm and sinusoidal weighted representations.

17. The system of claim 10, wherein making a determination further comprises:
making a determination whether the autocorrelation values of the time-separated

portions of the signal fall above an autocorrelation value threshold.

18. The system of claim 17, wherein the autocorrelation threshold value is greater
than 0.5.
19. A method for monitoring flame status in a combustor in a gas turbine engine

combustor, comprising:

receiving, for the combustor, a dynamic pressure sensor output signal from a
single acoustic sensor positioned in the combustor, the dynamic pressure sensor output
signal being the only received signal indicative of acoustic oscillations within the
combustor;

performing signal processing operations on the dynamic pressure sensor output
signal; and

based on results of the signal processing operations, determining the flame status

in the combustor.

20. The method of claim 19, wherein the signal processing operations comprise an

autocorrelation analysis on the dynamic pressure sensor output signal.

34



WO 2015/138369 PCT/US2015/019554

117

150

1004

~100-

-150




PCT/US2015/019554

WO 2015/138369

2117

70

60

50

40

30

20

10

-0.4



WO 2015/138369 PCT/US2015/019554

3/17

FIG. 6

100 1.4
1.2
80
- 1
60 -(.8
40 3.6
.4
20—
-(3.2
0 i A:AAA:A:A:A:A:A:w:a:::::A:A G

102213 10222 10:22:31 10:22:3 10:22:48  10:22:57

i



WO 2015/138369 PCT/US2015/019554

4/17

4 1
. e e T
\{ (TR S e
T T T

S

I




PCT/US2015/019554

WO 2015/138369

5/17

8iL
gkt

an >

8 Oid

&L1
201
Ha oy
|
’ 0
crbbens] %
(L :
n iaf \ % W W\m\im mﬁui..w :@: _:D_ /J
801
- i - T
2Ll - : A
: i 201 j
vz 190 ool LOL



WO 2015/138369 PCT/US2015/019554

6/17

30w,

FIG. 10




WO 2015/138369 PCT/US2015/019554

77

1105

1100
1106 /

1110

I

1120—" (130 1181
1140

FIG. 11




PCT/US2015/019554

WO 2015/138369

8/17

¢l "Dld

y--3

ovz)
g gezt
HOSSIOOHd | 2
SNivLS| | OOHd )
I ] -34d AV e dOSNISIN_
l ¢ I
092} 05z} o€zt [
HOLSNEWOD | o1zt
.

0021



WO 2015/138369 PCT/US2015/019554

9/17

1320 1310

1360

2000
1000F

Amplitude  ©

-1000 -

-2000

0

Delay [samples]

FiG. 13B



WO 2015/138369 PCT/US2015/019554

10117

FIG. 14A

Amplitude

Flame OFF |1 Flame ON

FiG. 14B



WO 2015/138369 PCT/US2015/019554

11/17

150‘0\

RECEIVING A SINGLE
DYNAMIC PRESSURE
1510~ SENSOR QUTPUT SIGNAL
INDICATIVE OF ACOUSTIC
OSCILLATIONS WITHIN THE
COMBUSTOR

'

PERFORMING AN
AUTOCORRELATION
1520~ OPERATION TO IDENTIFY
TIME-SEPARATED
PORTIONS OF THE

SIGNAL

l

DETERMINING THAT THE
TIME-SEPARATED
PORTIONS OF THE SIGNAL
INCLUDE PORTIONS
1530~ INDICATIVE OF ACQUSTIC
OSCILLATIONS RECEIVED
DIRECTLY BY THE SINGLE
ACOUSTIC SENSOR, AND
REFLECTIONS OF THE
ACOUSTIC OSCILLATIONS

:

1540
\ DETERMINING WHETHER
A FLAME IS PRESENT

FiG. 15



WO 2015/138369 PCT/US2015/019554

12117




WO 2015/138369 PCT/US2015/019554

13/17




WO 2015/138369 PCT/US2015/019554

1417

P 1631




WO 2015/138369

15/17

‘%9@@\

19?0\

RECEIVING AN QUTPUT
SIGNAL FROM A FIRST
SENSOR INAFIRST
COMBUSTOR, INDICATIVE
OF FIRST OSCILLATIONS
GENERATED BY AFIRST
FLAME WITHIN
THE FIRST COMBUSTOR

'

EQZQ\

RECEIVING AN QUTPUT
SIGNAL FROM A SECOND
SENSOR INASECOND
COMBUSTOR INDICATIVE
OF FIRST OSCILLATIONS
GENERATED BY THE FIRST
FLAME WITHIN THE
FIRST COMBUSTOR

l

1930

PERFORMING A CROSS-
CORRELATION OPERATION
ON THE OUTPUT SIGNALS,

CONSTRAINED BY A
MAXIMUM TIME DELAY
BETWEEN CORRELATED
COMPONENTS

:

‘§940\

ONLY IF THE CROSS-
CORRELATION MEETS
A PREDETERMINED
CRITERION, DETERMINING
THAT THE FIRST FLAME
IS PRESENT

FIG. 19

PCT/US2015/019554



WO 2015/138369 PCT/US2015/019554

16/17

2000 N

Amplitude

Freguency

FIG. 20



WO 2015/138369 PCT/US2015/019554

17117

2?@@\

RECEIVING ADYNAMIC
PRESSURE SENSOR QUTPUT
SIGNAL FROM AN

2110 ~| ACOUSTIC SENSOR
INDICATIVE OF ACOUSTIC
OSCILLATIONS WITHIN
THE COMBUSTOR

v

MAKING AFIRST
COMPARISON OF A
2120~ SPECTRAL PATTERN OF THE

DYNAMIC PRESSURE
SENSOR OUTPUT SIGNAL
WITH A CHARACTERISTIC

FREQUENCY PATTERN

BASED ON THE FIRST
2130 COMPARISON, MAKING A
DETERMINATION WHETHER

AFLAME |15 PRESENT IN
THE COMBUSTOR

FlG. 21



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/019554

A. CLASSIFICATION OF SUBJECT MATTER

INV. F23N5/16
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

F23N  F23R FO4D GO8B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2010/076698 Al (HE CHENGLI [US] ET AL) 19

25 March 2010 (2010-03-25)
Y the whole document 1-18,20
X JP 2003 106898 A (NOHMI BOSAI LTD) 19

9 April 2003 (2003-04-09)
Y abstract 1-18,20
X US 5 625 342 A (HALL GREGORY H [US] ET AL) 19

29 April 1997 (1997-04-29)
Y abstract; figure 1 1-18,20
X US 20037007860 Al (NAKAJIMA TAKUROU [JP] 19

ET AL) 9 January 2003 (2003-01-09)
Y the whole document 1-18,20
A US 20117018996 Al (MIAN ZAHID F [US] ET 1-20

AL) 27 January 2011 (2011-01-27)

the whole document

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

20 May 2015

Date of mailing of the international search report

01/06/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Munteh, Louis

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/019554
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2010076698 Al 25-03-2010  CN 102187157 A 14-09-2011
EP 2342498 Al 13-07-2011
US 2010076698 Al 25-03-2010
WO 2010036285 Al 01-04-2010
JP 2003106898 A 09-04-2003  JP 4527326 B2 18-08-2010
JP 2003106898 A 09-04-2003
US 5625342 A 29-04-1997  NONE
US 2003007860 Al 09-01-2003 JP 2002364582 A 18-12-2002
US 2003007860 Al 09-01-2003
US 2011018996 Al 27-01-2011  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - wo-search-report
	Page 54 - wo-search-report

