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NONINTRUSIVE TRANSCEIVER AND METHOD FOR CHARACTERIZING
TEMPERATURE AND VELOCITY FIELDS IN A GAS TURBINE COMBUSTOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation in part of copending United States Patent
Application entitled “Active Measurement of Gas Flow Velocity or Simultaneous
Measurement of Velocity and Temperature, Including in Gas Turbine Combustors”, filed

on March 13, 2014, Serial Number 14/207,803.

[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] “Nonintrusive Performance Measurement of a Gas Turbine Engine in Real Time”,

serial number unknown, filed concurrently herewith (Docket Number 2014P12655US);

[0004] “Active Measurement Of Gas Flow Temperature, Including In Gas Turbine
Combustors”, filed on March 13, 2014, Serial Number 14/207,741;

[0005] “Active Temperature Monitoring In Gas Turbine Combustors”, filed on
December 18, 2013, Serial Number 14/132,001;

[0006] “Multi-Functional Sensor System For Gas Turbine Combustion Monitoring And
Control” filed on December 18, 2013, Serial Number 14/109,992;

[0007] “Temperature Measurement In A Gas Turbine Engine Combustor”, filed on
March 14, 2013, Serial No. 13/804,132; and

[0008] “Gas Turbine Engine Control Using Acoustic Pyrometry”, filed on December 14,
2010, Serial No. 12/967,148, Publication No. US2012/0150413.
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[0009] 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.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0010] Temperature mapping portions of this invention were made with government
support under contract DE-FC26-05NT42644 awarded by the U.S. Department of

Energy. The government may have certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0011] The invention relates to active measurement of gas flow temperature or velocity,
or simultancous measurement of velocity and temperature, such as combustion gas flow
in combustors of gas turbine engines. Such engines include, by way of example,
industrial gas turbine (IGT) engines, other types of stationary gas turbine, marine, acro
and other vehicular gas turbine engines. More particularly, embodiments of temperature,
velocity or simultaneous velocity/temperature measurement methods and apparatus
disclosed herein utilize a sensing and control system for combustor velocity and
temperature determination, including acoustic transceivers. In embodiments disclosed
herein an improved acoustic transceiver is suited for withstanding conditions associated
with the combustors of gas turbine engines. Gas flow velocity and temperature data are

used for engine combustion monitoring, control and performance evaluation.

2. Description of the Prior Art

[0012] Combustion turbines, such as gas turbine engines for any end use application,
generally comprise a compressor section, a combustor section, a turbine section and an
exhaust section. In operation, the compressor section inducts and compresses ambient
air. The combustor section generally may include a plurality of combustors for receiving

the compressed air and mixing it with fuel to form a fuel/air mixture. The fuel/air
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mixture is combusted by each of the combustors to form a hot working gas that may be
routed to the turbine section where it is expanded through alternating rows of stationary
airfoils and rotating airfoils and used to generate power that can drive a rotor. The
expanding gas exiting the turbine section can be exhausted from the engine via the

exhaust section.

[0013] Combustion anomalies, such as flame flashback, have been known to occur in
combustion sections of gas turbine engines. Flame flashback is a localized phenomenon
that may be caused when a turbulent burning velocity of the air and fuel mixture exceeds
an axial flow velocity in the combustor assembly, thus causing a flame to anchor onto
one or more components in/around the combustor assembly, such as a liner disposed
around the combustion chamber. The anchored flame may burn through the components
if a flashback condition remains for extended periods of time without correction thereof.
Thus, flame flashback and/or other combustion anomalies may cause undesirable damage
and possibly even destruction of combustion engine components, such that repair or

replacement of such components may become necessary.

[0014] The fuel/air mixture at the individual combustors is controlled during operation of
the engine to maintain one or more operating characteristics within a predetermined
range, such as, for example, to maintain a desired efficiency and/or power output, control
pollutant levels, prevent pressure oscillations and prevent flameouts. In a known type of
control arrangement, a bulk turbine exhaust temperature may also be monitored as a
parameter that may be used to monitor the operating condition of the engine. For
example, a controller may monitor a measured turbine exhaust temperature, and a
measured change in temperature at the exhaust may result in the controller changing an
operating condition of the engine. In other known types of control arrangements discrete
pitot-static or multi hole pressure probes are utilized to determine gas flow velocity at
specific locations, but grid arrays of such probes disrupt gas flow and introduce

measurement errors. Due to such gas flow disruptions, grid arrays, when employed, have
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limited numbers of widely spaced probes, which provide relatively coarse gas flow

velocity distribution and profile information.

[0015] At present, there are several different types of sensors and sensing systems that
are being used in the industry for monitoring combustion and maintaining stability of the
combustion process for engine protection. For example, dynamic pressure sensors are
being used for combustion stability and resonance control. Passive visual (optical visible
light and/or infrared spectrum) sensors, ion sensors and Geiger Mueller detectors are used
to detect flame on/off in the combustor, while thermocouples are being used for flashback
detection. With respect to known combustion gas flow velocity (u) monitoring methods,
pitot-static and multi hole pressure probes utilize differential pressure techniques, hot
wire probes utilize thermal anemometry techniques, while Laser Doppler and Particle
Image Velocimetry systems utilize optical techniques to characterize gas flow velocities.
Differential pressure and thermal anemometry instruments are intrusive point
measurement devices that disturb local gas flow around the instruments. Laser Doppler
and Particle Image Velocimetry instruments respectively provide non-intrusive point and
2- or 3-dimensional non-intrusive gas flow velocity measurement although they both
require particle seeding of the flow. In addition, sophisticated laser based measurements
such as Filtered Rayleigh Scattering (FRS) and other such laser spectroscopy based
techniques have been deployed to measure gas velocity. However, these techniques are
more complex than intrusive differential pressure or thermal anemometry instruments and
require more specialized training to implement in monitoring systems. Moreover, most
optical techniques for velocity are geared towards laboratory environments rather than in
operative engines at power plant field sites. With respect to temperature (T) monitoring
techniques, known Raman Spectroscopy, Laser Induced Fluorescence (for both u and T
monitoring), and Coherent Anti-Stokes Raman Spectroscopy (CARS) (for bothuand T
monitoring) instrumentation systems are also intended for laboratory environments,
rather than for ficld use in fossil power generation equipment. Tunable Diode Laser
Absorption Spectroscopy (TDLAS) instrumentation is used in some industrial power

generation field applications, such as for temperature measurement in boilers but that



WO 2015/138661 PCT/US2015/020060

instrumentation is extremely costly: approximately US $500,000 per system. Other types
of temperature measurement and combustion anomaly detection systems have had greater

acceptance in power generation industry field applications.

[0016] Particularly, United States Patent No. 7,853,433 detects and classifies combustion
anomalies by sampling and subsequent wavelet analysis of combustor thermoacoustic
oscillations representative of combustion conditions with sensors, such as dynamic
pressure sensors, accelerometers, high temperature microphones, optical sensors and/or
ionic sensors. United States Publication No. US2012/0150413 utilizes acoustic
pyrometry in an IGT exhaust system to determine upstream bulk temperature within one
or more of the engine’s combustors. Acoustic signals are transmitted from acoustic
transmitters and are received by a plurality of acoustic receivers. Each acoustic signal
defines a distinct line-of-sound path between a corresponding transmitter and receiver
pair. Transmitted signal time-of-flight is determined and processed to determine a path
temperature. Multiple path temperatures can be combined and processed to determine
bulk temperature at the measurement site. The determined path or bulk temperature or
both can be utilized to correlate upstream temperature in the combustor. Co-pending
United States utility patent application No. Serial No. 13/804,132 calculates bulk
temperature within a combustor, using a so-called dominant mode approach, by
identifying an acoustic frequency at a first location in the engine upstream from the
turbine (such as in the combustor) and using the frequency for determining a first bulk
temperature value that is directly proportional to the acoustic frequency and a calculated
constant value. A calibration second temperature of the working gas is determined in a
second location in the engine, such as the engine exhaust. A back calculation is
performed with the calibration second temperature to determine a temperature value for
the working gas at the first location. The first temperature value is compared to the back
calculated temperature value to change the calculated constant value to a recalculated
constant value. Subsequent first temperature values at the combustor may be determined

based on the recalculated constant value.
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[0017] Thus, different adverse conditions related to combustion gas flow temperature,
anomalies and velocity currently require separate sensor designs and/or separate sensing
systems to detect those conditions. Known combined IGT and other types of gas turbine
engine monitoring and control system sensor and detection approaches have not covered
all possible adverse combustion fault detections. Installation of different types of
disparate sensors and sensing systems in a single combustion turbine engine increases
installation cost and maintenance expense. Also, the disparate sensors and sensing
systems inherently introduce response lags and delays in the overall engine control

system.

[0018] Thus, a need exists in the art for an integrated gas turbine engine monitoring and
control system for measuring gas flow velocity, temperature and detecting a broad range
of possible combustor failures or, more satisfactorily precursors to faults, during

combustion, sharing common sensors and, if desired, a common controller.

[0019] Another need exists in the art for a gas turbine engine active velocity and
temperature monitoring system that determines actual combustor temperature in real time
without the need to obtain reference temperatures from other locations within the engine,
such as known bulk temperature systems that back calculate combustor temperature

based on temperature measurements obtained in the engine exhaust system.

[0020] An additional need exists for an active gas flow velocity and temperature
monitoring system that shares sensors commonly used with combustion turbine
monitoring and control systems, so that active velocity and temperature monitoring can

be integrated within the monitoring and control system.

[0021] Another need exists for an acoustic transceiver and method for transmitting and
sensing acoustic signals within a turbine engine combustor gas flow, under the adverse

temperature conditions that exist in a gas turbine engine combustor.
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[0022] A further need exists for a modular transceiver arrangement for transmitting and
sensing acoustic signals within a turbine engine combustor gas flow whercin the

transmitter and receiver are conveniontly mounted together on the turbine combustor.

[0023] Another need exists for an acoustic transceiver in which an acoustic receiver is
positioned to accurately receive a signature of a signal transmitted by a transmitter in the

same transceiver for use as a reference for identifying and timing the signal.

SUMMARY OF THE INVENTION

[0024] An object of embodiments of the invention is the active measurement of gas flow

temperature and velocity within a turbine engine combustor.

[0025] Another object of embodiments of the invention is provision of an acoustic
transceiver for use in monitoring gas flow velocity and temperature in a turbine engine

combustor while surviving the adverse conditions associated with the combustor.

[0026] Another object of embodiments of the invention is creation of an integrated gas
turbine monitoring and control system for detecting a broad range of possible combustor
failures or, more satisfactorily, precursors to faults, during combustion, by directly and

actively monitoring conditions within the combustor.

[0027] Another object of embodiments of the invention is the active measurement of
temperature, velocity or both temperature and velocity of a volume of gas within a gas

turbine combustor without disturbing or distorting the measured gas field.

[0028] These and other objects are achieved in one or more embodiments of the
invention by active acoustic velocity and pyrometry-based gas flow velocity and
temperature measurement transceivers, systems and methods described herein.

Embodiments of the velocity or velocity/temperature monitoring systems and methods
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arc used for monitoring combustion gas within gas turbine combustors, including
industrial gas turbine (IGT) combustors. These velocity or velocity/temperature
monitoring systems and methods are incorporated into the turbine combustion monitoring
and control system by addition of robust transceivers capable of surviving environmental
conditions presented by the gas turbine combustors. Each robust transceiver transmits
sound waves within the combustor flow field in a line-of-sound with at least one other
robust transceiver. For velocity measurement, sound transmission time-of-flight that is
directed generally transverse to the gas flow path is measured by the controller and
correlated with gas flow velocity along the line-of-sight. Similarly, sound transmission
time-of-flight is correlated with temperature along the line-of-sight. Path(s) of acoustic
transmission serve as paths for velocity or velocity/absolute temperature measurement.
In an integrated acoustic pressure-based sensor and monitoring/control system
embodiment, the controller correlates velocity and, if desired, absolute active path
temperatures with acoustic transmission and time-of-flight analysis techniques. In this
way a combustion monitoring and control system that incorporates embodiments of the
invention can identify and classify combustion anomalies and actively control the gas

turbine combustion process within the engine combustors.

[0029] In some embodiments, a transceiver is provided for measuring acoustic propertics
of a gas under the adverse conditions associated with a gas turbine engine combustor.
The transceiver includes a measurement chamber in communication with the combustion
chamber through an opening that allows acoustic signals to propagate from the
combustion chamber to the measurement chamber. Conditions in the measurement
chamber are less adverse to acoustic sensor equipment and acoustic transmission
equipment than the conditions within the combustion chamber. The transceiver includes
a housing that defines a measurement chamber and has at least a first opening. The
housing is adapted to be attached to a turbine engine combustor wall of the turbine engine
combustor. Acoustic signals are permitted to propagate between the gas in the turbine
engine combustor and gas in the measurement chamber through the first opening. The

transceiver also includes an acoustic sensor mounted to the housing for receiving the
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acoustic signals propagating in the measurement chamber. The transceiver further
includes an acoustic transmitter mounted to the housing for creating acoustic signals

within the measurement chamber.

[0030] In further embodiments, the acoustic sensor of the transceiver is in
communication with the measurement chamber through a second opening in the housing.
The housing may be a substantially cylindrical housing having first and second ends, in
which case the first opening is at the first end of the housing, the acoustic transmitter is at
the second end of the housing and the second opening is in a wall of the housing between

the first and second ends.

[0031] In another embodiment, the measurement chamber comprises a wave guide
between the first opening and the second opening. The wave guide has a first cross
sectional area near the first opening that is substantially larger than a second cross

sectional area near the second opening. The wave guide may be substantially horn-

shaped.

[0032] In optional embodiments, the acoustic transmitter is a spark generator comprising
a spark gap within the measurement chamber and an electrical energy source connected
to the spark gap. A step-up transformer may be provided in proximity to the spark gap to
step up a voltage of the clectrical energy source. An acoustic signal of the spark
generator may contain at least 60% content having a frequency of over 20 kHz. The
acoustic transmitter may alternatively be a whistle acoustic signal source. The whistle
acoustic signal source may be activated by a cooling gas flow outside the turbine engine
combustor. The whistle may be separated from the measurement chamber by a
membrane that prevents flow from the measurement chamber and conducts acoustic
signals from the whistle acoustic signal source to the measurement chamber. An acoustic
signal emitted by the whistle acoustic signal source may have a dominant frequency

within 2-5 kHz.
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[0033] In further embodiments, the acoustic sensor may be a piezoelectric microphone,

or a piczoresistive microphone, or a fiber optic microphone.

[0034] Embodiments of the invention are also directed to a system for measuring
properties of a gas in a turbine engine combustor. The system includes a first housing
mounted to the turbine engine combustor and defining a first measurement chamber in
communication with an interior of the turbine engine combustor through a first opening
in a wall of the turbine engine combustor. The first opening permits propagation of
acoustic signals between the gas in the turbine engine combustor and gas in the first
measurement chamber. A first acoustic sensor is mounted to the first housing for
receiving acoustic signals propagating in the first measurement chamber, and a first
acoustic transmitter is mounted to the first housing for creating acoustic signals within
the first measurement chamber. A controller is coupled to the first acoustic sensor and
the first acoustic transmitter, and is additionally coupled to a second acoustic sensor
arranged to receive acoustic signals propagating in the gas in the turbine engine
combustor. The controller is further coupled to a second acoustic transmitter for creating
acoustic signals in the gas in the turbine engine combustor. The controller includes a
processor and computer readable media containing computer readable instructions that,
when executed by the processor, cause the processor to perform the following operations
directed to measuring properties of the gas in the turbine engine combustor. The first
acoustic transmitter transmits a first acoustic signal, and the second acoustic sensor
receives a signal including contributions from the first acoustic signal. The second
acoustic transmitter transmits a second acoustic signal, and the first acoustic sensor
receives a signal including contributions from the second acoustic signal. The processor
then determines times of flight for the first and second acoustic signals, including
propagation times along lines of sound within the turbine engine combustor. The
processor then processes the times of flight to determine the properties of the gas in the

turbine engine combustor.

10
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[0035] Additional embodiments of the system include a second housing mounted to the
turbine engine combustor and defining a second measurement chamber in communication
with the interior of the turbine engine combustor through a second opening in the wall of
the turbine engine combustor. The second opening permits propagation of acoustic
signals between the gas in the turbine engine combustor and gas in the second
measurement chamber. The first and second openings define a line-of-sound path
through the turbine engine combustor. The second acoustic sensor is mounted to the
second housing for receiving acoustic signals propagating in the second measurement
chamber. The measured gas properties in the turbine engine combustor may include an
average speed of sound along the line-of-sound path. In that case, the processor may
determine an average temperature of the gas in the turbine engine combustor along the
line-of-sound path based on the speed of sound along the line-of-sound path. The
measured gas properties in the turbine engine combustor may include an absolute gas
flow velocity along the line-of-sound path. In that case, the processor may determine an
average temperature of the gas in the turbine engine combustor along the line-of-sound
path based on the speed of sound along the line-of-sound path; and then determine the
absolute gas flow velocity along the line-of-sound path based on the speed of sound along
the line-of-sound path and further based on the temperature of the gas along the line-of-
sound path. The first and second openings may be located in separate axial planes in a
combustion zone of the turbine engine combustor containing a flame, or alternatively in

an exit zone of the turbine engine combustor proximate a turbine inlet.

[0036] Other embodiments are directed to a method for actively monitoring gas flow
characteristics in a turbine engine combustor. A first acoustic transmitter transmits first
acoustic signals in a first measurement chamber. The first measurement chamber is in
communication with an interior of the turbine engine combustor through a first opening
to permit propagation of the first acoustic signals from the first measurement chamber to
the interior of the turbine engine combustor. A first acoustic sensor then receives the first
acoustic signals in a second measurement chamber. The second measurement chamber is

in communication with the interior of the turbine engine combustor through a second

11
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opening to permit propagation of the first acoustic signals from the interior of the turbine
engine combustor to the second measurement chamber. A time-of-flight is then
determined for the first acoustic signals along a fixed line-of-sound path in the turbine
engine combustor from the first opening to the second opening. The time-of-flight is

processed to determine the gas flow characteristics in the turbine engine combustor.

[0037] In additional embodiments, processing the time-of-flight to determine the gas
flow characteristics further comprises processing the time-of-flight to determine an
average speed of sound along the fixed line-of-sound path. A temperature along the fixed
line-of-sound path may be determined based on the average speed of sound. Processing
the time-of-flight to determine the gas flow characteristics may further include processing
the time-of-flight to determine an average flow velocity along the fixed line-of-sound

path

[0038] The respective objects and features of the present invention may be applied jointly

or severally in any combination or sub-combination by those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS
[0039] The teachings of the present invention can be readily understood by considering
the following detailed description in conjunction with the accompanying drawings, in

which:

[0040] FIG. 1 is a perspective cross-sectional view of a gas turbine engine illustrating
implementation of a system for determining combustor gas flow active velocity and

temperature measurement, in accordance with embodiments of the invention;
[0041] FIG. 2 is a cross-sectional view of a gas turbine combustor incorporating an

embodiment of a monitoring system for determining combustor gas flow active velocity

and temperature measurement, in accordance with embodiments of the invention;

12
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[0042] FIG. 3 is a cross-sectional view of the system of FIG. 2, taken along 3-3 thereof,

in accordance with aspects of the invention;

[0043] FIG. 4 is a block diagram of an embodiment of a controller for implementing
embodiments of the present invention in the monitoring system for determining
combustor gas flow active velocity and temperature measurement, in accordance with

embodiments of the invention;

[0044] FIG. 5 is a schematic perspective view of exemplary sonic sensor arrays used by
the gas flow monitoring system to measure gas flow velocity in a gas turbine combustor,

in accordance with embodiments of the invention;

[0045] FIG. 6 is an exemplary schematic representation of gas flow velocity in the

turbine combustor of FIG. 5 in the line-of-sight between acoustic sensors 32B and 34C;

[0046] FIG. 7. is a cross-sectional slice A of the gas flow velocity of FIG. 6 taken along
7-7 thereof, which corresponds to the line-of-sight between acoustic sensors 32B and

34C;

[0047] FIG. 8 is a composite gas flow velocity profile of the respective velocities
measured by the gas flow velocity monitoring system, in accordance with embodiments

of the invention;

[0048] FIG. 9 is a schematic perspective view of exemplary sonic sensor arrays used to
measure gas flow temperature in a gas turbine combustor, in accordance with

embodiments of the invention;

[0049] FIG. 10 is a flow chart illustrating implementation of an embodiment of the
methods for measuring gas flow velocity and temperature active measurement in a gas

turbine combustor, in accordance with embodiments of the invention; and

13
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[0050] FIG. 11 is a flow chart illustrating implementation of an embodiment of the
method for measuring active gas flow velocity, in accordance with embodiments of the

invention.

[0051] FIG. 12 is a cross-sectional view of a gas turbine combustor showing alternative
possible locations for a monitoring system for determining combustor gas flow active
velocity and temperature measurement, in accordance with embodiments of the

invention.

[0052] FIG. 13 is a cross-sectional view of an acoustic transducer mounted on a wall of a

gas turbine component in accordance with embodiments of the invention.

[0053] FIG. 14A is an exploded, perspective view of an acoustic transducer assembly
including a spark gap acoustic transmitter in accordance with embodiments of the

invention.

[0054] FIG. 14B is a perspective view of a cross section of the acoustic transducer
assembly of FIG. 14A including a spark gap acoustic transmitter in accordance with

embodiments of the invention.

[0055] FIG. 14C is an exploded, perspective view of a cross section of the acoustic
transducer assembly of FIG. 14A including a spark gap acoustic transmitter in

accordance with embodiments of the invention.

[0056] FIG. 15A is a time-domain graph showing an acoustic signal from a spark gap

acoustic transmitter in accordance with embodiments of the invention.

[0057] FIG. 15B is a frequency-domain graph showing an acoustic signal from a spark

gap acoustic transmitter in accordance with embodiments of the invention.

14
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[0058] FIG. 16A is an exploded, perspective view of an acoustic transducer assembly

including a whistle acoustic transmitter in accordance with embodiments of the invention.

[0059] FIG. 16B is a perspective view of a cross section of the acoustic transducer
assembly of FIG. 16Aincluding a whistle acoustic transmitter in accordance with

embodiments of the invention.

[0060] FIG. 16C is an exploded, perspective view of a cross section of the acoustic
transducer assembly of FIG. 16A including a whistle acoustic transmitter in accordance

with embodiments of the invention.

[0061] FIG. 17A is a time-domain graph showing an acoustic signal from a whistle

acoustic transmitter in accordance with embodiments of the invention.

[0062] FIG. 17B is a frequency-domain graph showing an acoustic signal from a whistle

acoustic transmitter in accordance with embodiments of the invention.

[0063] FIG. 18A is a time-domain graph showing a multi-frequency acoustic signal from

an ideal whistle acoustic transmitter in accordance with embodiments of the invention.
[0064] FIG. 18B is a frequency-domain graph showing a multi-frequency acoustic signal
from an ideal whistle acoustic transmitter in accordance with embodiments of the

invention.

[0065] To facilitate understanding, identical reference numerals have been used, where

possible, to designate identical elements that are common to the figures.

15
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DETAILED DESCRIPTION

[0066] After considering the following description, those skilled in the art will clearly
realize that the teachings of the invention can be readily utilized for active acoustic
velocity and pyrometry-based gas flow velocity and temperature measurement.
Embodiments of the invention are used for monitoring of gas turbine combustors,
including industrial gas turbine (IGT) combustors by incorporating them into the
combustion monitoring and control system by addition of an acoustic transmitter or
acoustic transceiver that transmits sound waves through gas flow in a line-of-sight with a
plurality of acoustic sensors, such as dynamic pressure sensors. For velocity
measurement, sound transmission time-of-flight that is directed generally transversely
through the gas flow path is measured by the controller and correlated with gas flow
velocity along the line-of-sight. The gas flow velocity determination includes
compensation for impact of the thermodynamically interrelated temperature, gas constant
and speed of sound influences on the first time-of-flight, in order to determine absolute

gas flow velocity.

[0067] In an integrated acoustic pressure-based sensor and monitoring/control system
embodiment, the controller correlates velocity and, if desired, absolute active path
temperatures simultancously with acoustic transmission and time-of-flight analysis
techniques. Where velocity and temperature are measured simultancously the absolute
active path temperature is utilized to compensate for the aforementioned thermodynamic
influences on gas flow absolute velocity. Alternatively in other embodiments the speed
of sound influence on the first time-of-flight is utilized to determine absolute gas flow
velocity rather than absolute active path temperature. In such embodiments,
compensation for the speed of sound in the velocity monitoring is accomplished by
substituting for the first transmitters a set of first transceiver/transducers that are capable
of transmitting and receiving acoustic signals, and generating output signals and
substituting for the first sensors a set of second transducers that are capable of
transmitting and receiving acoustic signals and generating output signals. Acoustic

signals are transmitted and received from the first to the second transducers and time-of-

16
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flight is determined. A reverse acoustic signal is transmitted from the second to the first
transducers and the reverse time-of-flight is determined. The respective first and first
reversed acoustic signals times-of-flight are used to determine the speed of sound ¢. The
determined speed of sound c is then utilized for determination of the actual gas flow

velocity.

[0068] In embodiments of the invention active velocity or active velocity/temperature
measurements are used as monitoring parameters for gas flow in a combustion
monitoring and control system that can identify and classify gas flow anomalies (e.g.,
combustion anomalies), for example by using wavelet or Fourier analysis techniques.
Some embodiments of the methods and system incorporate one or more acoustic dynamic
pressure transceiver/transducer combination transmitter/sensors that are selectively
oriented or arrayed in sequential axial planar positions within the combustor. Known
transceiver/transducer component designs and their related controller components have
been used reliably and cost effectively in the past in power generation field service. By
reconfiguring those types of known components into the gas flow control and monitoring
systems of the present invention combustion turbine and other combustion power
generation equipment can be monitored and controlled with simpler instrumentation
hardware configurations that provide detailed active gas flow velocity and temperature

distribution information useful for precise combustion control.

Monitoring and Control System Structure

[0069] Referring to FIGs. 1 and 2 an exemplary industrial gas turbine engine 10 is
shown. The exemplary engine 10 includes a compressor section 12, a combustor

section 14, a turbine section 16, and an exhaust section or system 18. The combustor
section 14 includes a plurality of combustors 20. Each combustor 20 has a combustion
shell 22 and a cover plate 24. The combustor liner or basket 26 and transition duct 27
define a passage for conveying hot working gas that flows in the direction F to the turbine

section 16. The system of the present invention is operable with known combustor
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geometry gas turbine engine designs, including can, can-annular or annular construction

combustors in stationary land-based or vehicular applications.

[0070] During operation of the engine 10, compressed air from the compressor section 12
is provided to the combustor section 14 where it is combined with fuel supplied by fuel
injection system 28 in the combustors 14. The fuel/air mixture is ignited to form
combustion products comprising the hot working gas. It may be understood that
combustion of the fuel and air may occur at various axial locations along the passage
through the combustor liner or basket 26 and the transition duct 27 to the inlet of the
turbine section 16. The hot working gas is expanded through the turbine section 16 and

is exhausted through the exhaust section/system 18.

[0071] Referring to FIGS. 1 and 2, in accordance with an aspect of the invention, a
combustion monitoring and control system 29 is provided, which can identify and
classify combustion anomalies and actively control the gas turbine combustion process
within one or more of the engine 10 combustors 20. In this regard, the engine 10 may
include may comprise one or more of the monitoring and control system(s) 29: e.g., one
system 29 for each combustor 20, or a single system 29 may service each combustor 14
of the engine 10. Similarly, clusters of combustors 20 may be served by one system 29,
with other cluster(s) being served by other systems. Thus the consolidated monitoring
system for an engine 10 can determine deviations between respective combustors and
compare their relative performance no matter what engine combustor structure or
orientation is employed by the engine design: whether a stationary, land-based turbine

engine or a vehicular engine for acro, marine or land vehicular applications.

[0072] As shown in FIGs. 2, 3, 5 and 9 the system 29 includes an array of a plurality of
known acoustic transceiver/transducers 32A-H and 34A-H that are capable of
transmitting and receiving acoustic oscillation waves along exemplary the line-of-sight
paths shown in dashed lines in FIGs. 5 and 9. The transceiver/transducer arrays 32, 34

are capable of generating respective sensor output signals indicative of combustion
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thermoacoustic oscillations in cach respective monitored and controlled combustor 20.
Other system embodiments can be constructed with at least two, but preferably more
acoustic sensors, whether functionally part of a transceiver component or as a stand-alone
component. Acoustic frequencies and amplitudes sensed by those acoustic sensor
portions of the transceivers are generated as a result of combustion events in the working
combustion gas, defining acoustic sources that occur within the combustor 20 hot gas
path. The monitoring and control system 29 is configured to transform the sensed
thermoacoustic oscillation information into a form that enables the occurrence of
combustion anomalies of interest to be discerned. As such, flame flashback events and
other types of combustion anomalies of interest may be detected and extracted from
sensed thermoacoustic oscillations in the combustor 14 that are monitored by the
transceiver/transducer/sensors positioned in and/or around the combustor 14. Depending
upon the system 29 configurations and application, the acoustic sensors comprise any
combination of one or more of a dynamic pressure sensor, a microphone, an optical
sensor or an ionic turbine inlet sensor. Pressure sensors sense the amplitudes of
thermoacoustic oscillations in the combustor 20 as well as pulsation frequencies. A high
temperature microphone may be utilized to measure acoustic fluctuations in the
combustor 14. An optical sensor may be utilized to measure a dynamic optical signal
within the combustor 20. An ionic sensor may be utilized to measure dynamic ionic

activity within the combustor 20.

[0073] An exemplary acoustic sensor array shown schematically in FIGs. 2, 3, 5 and 9
comprises transceiver/transducers 32A-H and 34A-H that function as at least one acoustic
transmitter that transmits in turn to at least one and preferably a plurality of the dynamic
pressure sensors in the array. The transceiver/transducers 32, 34 are arrayed axially and
radially within the combustor 20 by known mounting structures and methods, such as J
tubes or rakes, within the combustor shell 22 proximal the combustor basket or liner 26,
and/or proximal the transition 27 junction with the turbine section 16. In FIG. 3 the
sensors are radially/circumferentially arrayed transceivers 34A-34H that are capable of

transmitting and receiving acoustic oscillation waves along the line-of-sight paths similar
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to the transceivers 32A-H shown in dashed lines in FIG. 9. Other types of known
sensors, such as individual thermocouple temperature sensors or thermocouple arrays
may be employed within the gas turbine engine. For example in FIG. 3 thermocouple 36
measures combustion temperature in the combustor 20. While exemplary three-
dimensional annular combustion flow paths and axially spaced, two-dimensional circular-
annular transceiver/transducer arrays are shown in the figures, other combustion flow
path and array orientations may be utilized, in practicing embodiments of the invention,

including square- or rectangular-shaped geometries.

[0074] As shown in greater detail in FIGs. 3 and 4, the monitoring and control system 29
comprises a known controller 40, coupled to the transceiver/transducers 32, 34, that is
capable of correlating sensor output signals with gas flow velocity and combustion
temperature in a monitoring section 42 and conducting combustion dynamics analysis of
the combustion process in an analysis section 44. The monitoring section 42 and
dynamic analysis 44 section outputs are utilized by the gas turbine control system 46 that
can send control signals to other gas turbine controls subsystems, including industrial gas
turbine (IGT) controls subsystems, such as the fuel injection system 28, in order to
unload or shut down the engine 10 in response to changes in monitored combustion

conditions within the combustor 20.

[0075] Referring to the exemplary controller 40 embodiment shown in FIG. 4, it includes
one or more processors 50, system memory 52 and input/output control devices 54 for
interfacing with the associated engine 10 controls, such as the fuel injection control
system 28, and the acoustic transceiver/transducer 32, 34 acoustic transmitters and
sensors 32 (or functionally equivalent performing separate discrete transmitters and
receiver sensors), networks, other computing devices, human machine interfaces for
operator/users, ctc. The controller 40 may also include one or more analog to digital
converters S6A and/or other components necessary to allow the controller 40 to interface
with the transceivers 32, 34 and/or other system components to receive analog sensor

information. Alternatively, and/or additionally, the system 29 may include one or more
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analog to digital converters 56B that interface between the transceivers 32, 34 (or
functionally equivalent performing separate discrete transmitters and receiver sensors)
and the controller 40. As yet a further example, certain transceivers 32, 34 may have an
analog to digital converter 56C integral therewith, or are otherwise able to communicate

digital representations of sensed information directly to the controller 40.

[0076] The processor(s) 50 may include one or more processing devices such as a
general purpose computer, microcomputer or microcontroller. The processors 50 may
also comprise one or more processing devices such as a central processing unit, dedicated
digital signal processor (DSP), programmable and/or reprogrammable technology and/or
specialized component, such as application specific integrated circuit (ASIC),

programmable gate array (e.g., PGA, FPGA).

[0077] The memory 52 may include arcas for storing computer program code executable
by the processor(s) 50, and areas for storing data utilized for processing, e.g., memory
arcas for computing wavelet transforms, Fourier transforms or other executed
mathematical operations used to operate the monitoring and control system 29, as
described more fully herein below. As such, various aspects of the present invention may
be implemented as a computer program product having code configured to perform the
detection of combustion engine anomalies of interest, combustion dynamics and engine

control functions as set out in greater detail herein.

[0078] In this regard, the processor(s) 50 and/or memory 52 are programmed with
sufficient code, variables, configuration files, etc., to enable the controller 40 to perform
its designated monitoring and control functions. For example, the controller 40 may be
operatively configured to sense thermoacoustic conditions, analyze thermoacoustic
conditions based upon inputs from one or more transceiver/transducers 32, 34, control
features of the engine 10 in response to its analysis, and/or report results of its analysis to
operators, users, other computer processes, etc. as set out in greater detail herein. Thus,

all of the dynamic output signals originating from transceiver/transducers 32, 34 may be
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communicated to a single processor 50. In this implementation, the single processor 50
will process the sensor dynamic output signals using the data analysis and control
functions described in greater detail herein, such that it appears as if the results are
computed in a generally parallel fashion. Alternatively, more processors 50 can be used
and each processor may be utilized to process one or more transceiver/transducers 32, 34
dynamic signals, ¢.g., depending for example, upon the computation power of cach

Processor.

Monitoring and Control System Operation

{00797 The concepts of acoustic temperature and velocity measurements are both based
on creating a sonic wave, listening to it across the gas stream and finding an average
speed of sound across a given path, which is then descriptive for the gas velocity or
velocity/temperature. FIGs. 10 and 11 are flow charts illustrating graphically exemplary
operation of a monitoring and control system 29 embodiment of the invention that
actively monitors and measures both gas flow velocity and temperature using acoustic
measurement methodologies. The thick solid and dotted line operational blocks relate to
previously described combustion dynamics analysis 42 (solid block), temperature
monitoring and determination 44 and gas turbine control 46 functions (including by way
of example IGT control functions) that are performed within the controller 40. In

step 100 sensor signals generated by the sensor components within the
transceiver/transducers 32A-H, 34 A-H are read. In step 110 amplitudes of one or more
of the sensor signals arec compared to previously established alarm limits. For example in
IGT applications the step 120 low frequency dynamics (LFD) below 100 Hz are of
importance because of potential resonance influence at the 50 Hz or 60 Hz engine
rotational speed. Other frequency bands of interest are intermediate frequency

dynamics (IFD) between approximately 100 — 500 Hz and high frequency

dynamics (HFD) above 500 Hz. If an alarm limit is exceeded the controller 40 sends a
control command, for example to the fuel injection system 28, to unload or shut down the

engine 10 in step 400.
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{0080 If an alarm limit is not exceeded in step 110, then frequency analysis for
dynamics is performed in anomaly detection portion of the combustion dynamics analysis
sub system. An exemplary description of how to perform anomaly detection is in United
States Patent No. 7,853,433 that is incorporated herein by reference. The sampled high
speed dynamic pressure signal is obtained from the sensors in step 130 and time divided
into segments in step 140. In step 150 the time-frequency divided sample segments are
analyzed using the wavelet analysis technique described in United States Patent

No. 7,853,433, Alternatively, a known Fourier spectral analysis that converts the time
segments into frequency space, analyzes dominant frequencies by identifying the peak
frequencies and their respective amplitudes, and identifies amplitudes exceeding defined
thresholds. If it is determined that a combustion anomaly or anomalies have occurred in
step 160 the combustor temperature as determined in the temperature monitoring and
determination subsystem 44 is compared with the anomaly information obtained by the
Fourier or wavelet analysis techniques, or both. In step 180 the anomaly classification as
a flame on, flame out or flashback is made in conjunction with the passive or path
temperature information obtained from the temperature monitoring and determination
subsystem 44. For example in a gas turbine flameout the combustor temperature drops
off dramatically. Conversely in a flashback scenario the combustor temperature rises
dramatically upstream within the combustor 14. When the anomaly determination is
made in step 180 appropriate control signals to unload or shut down the engine are made

in the engine control system 46.

{0081] The termperature monitoring and determination subsystern 44 may comprise
passive temperature determination utilizing the passive acoustic method described in
United States Patent Application “Temperature Measurement in a Gas Twrbine Engine
Combustor:, filed on March 14, 2013, Serial No. 13/8034,132, incorporated by reference
herein, and/or real time actual path temperature determination within the combustor 14,
Real time actual path temperature is determined by adaptation of the 2-D planar acoustic
pyrometry fechnique for gas turbine exhaust system temperature determination described

in United States Patent Publication No. US2012/0150413 (also incorporated by reference
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herein} or by a 3-D technique that detormines one or more path temperatures between the

sensor arrays 32/34 of FIG. 5, that is further described in greater detail hercin,

{0082] In the passive tomperature determination method, sampled high speed dynamic
pressure signals from the transceiver/transducers 32/34, such as obtained in step 130 arc
analyzed for dominant modes in step 200, Combustor temperature is calculated based on
freguency using the passive acoustic method in step 210, The passive value is calibrated
with a reference temperature value in step 220 in order to obtain an active temperature
valuc within the combustor 14, The calibrated passive temperature value determined in
step 220 18 utilized in step 230 to determine the bulk mean temperature of the combustion
gas in step 230, The refercnce temperature value used in step 220 may be obtained from
one or more thermocouples 36 in the combustor or thermocouples located in the exhaust
system 18 (not shown). The reference temperature valoe may be an actual path
temperature measured in the exhaust system 18, as described in United States Patont
Publication No. US2Z812/0150413 or a real time path temperature measaored in the

combustor 14 that is determined 1o steps 300-330.

{0083] The 2-D real time path temperature 1s measured by transmutting one or more
acoustic signals in an acoustic transceiver/transducer 32, 34 or other discrete transmitter,
such as in the 2-D planar pattern shown for the (n=8+ transceiver/iransducers 32A-H in
FIG. 9. For example, transcetver/transducer 32ZA transmits a signal that is received by the
remaining (n~1} transceiver/transducers 32B-H and the time-of-flight for cach lineg-of-
sight path is determined. However, at least one, preferably two or more sensor elements
in the remaining transceiver/transducers 32B-H receive the acoustic signal(s) in step 318
Preferably in practice several transceiver/transdocers (transmit and receive acoustic
signals) circling one plane such that the paths between all transcetvers form a gnid with
desired coarsencss which results in the spatial resolution of the temperature measurement.
For example, for a cylindrical combustor the transceivers could be equally spaced around
the periphery as shown in FIGs. 3 and 9. These could be cither fired sequentially {onc ata

fime} or simuftancously with disjoint sound patterns that can be readily differentiated. For

24



WO 2015/138661 PCT/US2015/020060

sequential firing one transceiver is creating sounds while all remaining transceivers
record it to estimate the travel time for the respective paths. Each of these ling-of-sight
paths represents an average temperature along that path. The average temperatures over
different paths arc combined to a two-dimensional map shown in FIG. 9, using a known

computer tfomography technique.

{00841 The 2-D time-of-flight sound data arc converied to gas tomperature using active
acoustics in step 320, such as by utilization of the methods described in the
aforementioned United States Patent Publication No, US2012/0150413 that is
incorporated by reference hercin., The real time path temoperature that is determined in
step 330 is the localized active temperature value along the line-of-sight transmission
path. A plurality of active teraperature values measured along different acoustic paths by
performing the steps 300-330 can be utilized to determine the combustor 14 bulk
temperatures, alone or in parallel with the dominant freguency passive acoustic method
of steps 200-230. While a single path active temperature measurement between a single
transmitter 30 and acoustic sensor 32 provides uscful control information, arraying a
plurality of transceiver/transducers 32, 34 sclectively in any axial, circumferential and/or
radial pattern or combinations thereof within a combustor 14 (see, e.g., F1Gs. 2,3, 5, or
9 or n a serigs of combustors 14 facilitates active real fime two-~ or three-dimensional

combustion temperatore monitoring within the gas turbine engine 10,

{008S] The 2-D or 3-D real time path termperature determined in steps 300-330 can be
utilized as an input for other monttoring and control funchions, with or without one or
more of the combustion dynamics analysis 42, passive temperature monitoring and
determination 44 and control 46 functions described in the exemplary integrated
monitoring and control system 29 described herein. For example combustor turbing inlet
temperatire (TIT) can be actively monitored in real time and used as a control parameter
for the combustion process. The combustion active path temperature determined in

steps 300-330 can be utilized to control the fucl/air mixture in the combustor 14 via the

fuct injection systom 2. The real time path active temperature can be utilized as an input
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for active actual gas flow velocity measurement in an industrial gas turbine combustor or

in other types of gas flow environments,
[0086] Embodiments of the present invention measure 3-D gas flow velocity and/or gas
flow temperature by correlation with sonic time-of-flight along a linc-of-sight sonic
pathway between axially spaced, transversely oriented sonic transmitter and sensor {or
franscetver/transducers incorporating the scnsors and transmitters}, so that the line-of-
sight along the pathway is oriented transverse, as opposed to parallel to the gas flow path.
In order to determing gas flow absolute velocity, the time-of-flight data are corrected or
compensated for thermodynamic influences on gas temperature, gas constant and speed
of sound. As noted above gas temperature along a line of sight can be determined using
the real time active path temperature or temperature independently obtained from another
measurement device (e.g., thermocouple 36). Alternatively localized speed of sound ¢
can be determined by measuring bi-directional time-of-flight (i.c., forward/downstream
transmission and reverse/upstream transmission). The aforementioned thermodynamic
influences are governed by the known equation:

c(x,y,2z) = (y.R.T)'/?
Where:
c(x,y,z) is the isentropic speed of sound;
v is specific heat ratio;
R is the gas constant; and
T is the gas temperature.
Therefore, once the speed of sound along a path is known, the average path temperature
and absolute velocity can be determined utilizing embodiments of the invention further

described herein.

{00871 For accurate absohite velocity or temperature measurement, two planes of
transcetver/transducers 32, 34 are ortented in axially spaced, opposed relationship within
the gas flow, as shown tn FIG. 5. The two transceiver/transducer planes 32, 34 are

preferably apart by approximately the same order of magnitude as the diameter {circular)
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or width {3quarc or rectangular) of the monitored gas flow geometry., That is, the axial
distance between the two planes should be determined according to the geometry and
scale of the interrogated environment as well as the anticipated or possible ranges of gas

flow gas constant, temperature and velocity.

{00887 For gas flow velocity estimation, the gas flow is measured axially and transverse
to the flow direction. For example, when transceiver/transducer 32A in planc 7, fires or
transmits a signal, all transcciver/transducers 34B-H in plance Zy that are not parallel-
aligned with the signal firing sensor will be listening, thereby creating several paths
across the gas flow {(n-1 paths for n sensors). The signal transmitting/receiving firing
process continues sequentially with the second transceiver/transducer 328 on plane 7;
firing to the remaining (n-1) transceiver/iransducers 34A and 34C-H, which receive that
transmutied signal. The transmitied signal fiving will continue on with the consecutive
fransceivers firing and creating n- paths for cach firing. In the embodiment of FIG. S,
having § transceivers/transducers in cach of the two axially spaced arrays there are a total
of 64 paths in three dimensions. In addition, to alleviate the directional ambigaity of the
veloctty (to identify reverse Hlows and perhaps turbulence fuctuations in reverse
direction} the same process will be repeated with transducer/transcetvers 34 in plane Zg
firing and transceiver/transducers in plane 75 receiving the reverse divection transmitted
acoustic signal, assuming that the gas flow temperature is already known. Instead of
transmitting/firing acoustic signals sequentially from each transceiver/transducer, a sound
patiern with a shightly different acoustic signatore can be transmitted from each
respective transceiver/transducer 32A-H, 34A-H simultancously, which shortens
measurement time Referring to steps 500 and 510 of the gas flow velocity measurement
method flow chart of FIG. T, once all transceiver/transducers in planes 7y and 7 have
fired and the transmitted acoustic signals have been received by the opposing plane of
transversely aligned transecivers/transducers, the process preferably repeats continually
in real time while a 3-D velocity map u is constructed from the spatially distributed line-
of-sight acoustic paths, using known 3-D tomographic mapping technigues, such as those

utilized in medical or industrial computed tomography systems. The velocity information
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is extracted and mapped, as shown in FIG. 8. Similarly, a 3-D temperature map T can be

constructed utilizing the time of flight data, as will be deseribed in greater detail herein,

{0089] After all of the transceiver/transduccrs 32, 34 in a planar array have fired acoustic
signals the respective ling-of-sight flow path time-of-flight data are used to derive
absolute velocity in the gas flow path in step 360, once corrected for the thermodynamic
cffects of temperature, gas constant and the speed of sound, as described in greater detail
below. Flow velocity measurement accuracy potentially decrcases as flow velocity
approaches the spoed of sound, assuming constant gas teroperature in the velocity
measurements, Flow velocity below a Mach number of approximately 0.5 is not believed
to impact velocity measurement significantly, Thercfore it is preferable, but not required,
that measured flow velocities should be smaller than half of the local speed of sound that
s yueasured. This method can accurately measure high teraperature gas flows, inclading
turbine cngine gas flows, despite relatively high absolute velocities, becaunse the local

speed of sound increases with teraperature.

100907 Once acoustic time-~of-tlight data are available, they are used by the montioring
and control system 29 or other remote monitoring system fo determine velocity along
their respective acoustic paths in accordance with the remainder of the steps of FIG. 11,
Referring to FIGs, 6 and 7, information sound propagation is lincarly affected by the gas
flow. Relative gas flow velocity for a given temperature, gas constant and speed of

sound is determined by the known eqguation:

¢ 1
t =f — — ds
Be B C(x:ylz) + pBC ' U,(X,y,Z)
Where:

tgc is the time-of-flight from the first transmitter B to the first sensor C;
c is the speed of sound in the gas flow for the temperature and gas constant;
Ppc is the unit vector along the first line of sound path A between B and C; and

Uu(x,y,z) is velocity vector in the gas flow.
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{00911 The exemplary planar slice along the linc-of-sound path A shows a simplified
flow pattern. Referring again to the flow chart of FIG. 11, the relative gas flow velocity
is corrected for thermodynamic temperature, gas flow and speed of sound influences, in
order to derive absolute velocity in step 560. I the path temperature is available

(step 520) its influence on the speed of sound can be corrected by known tomography
methods, in order to derive the gas flow absolute velocity along the linc-of-sound path, I
the path temperature 18 not available, times-of-flight for forward (steps 500, 510} and
reverse (steps 330, 340} acoustic signal transmission are acquired and used to extract the
speed of sound without cffect of the gas velocity in accordance with the following
cquations. The reverse time-of-flight from transducer/transceiver C o
transducer/transceiver B is determined by the following equation, similar to that for the

forward or downstream direction set forth above:

B 1
teg = = — ds
¢p -f(; C(x:ylz) + Ppc - U,(X,y,Z)
[0092] The forward and reverse times-of-flight are added in accordance with the

following equation:
¢

foat _f 2 c(x,y,2)
Be 8 s c(x,y,2)? — Pgc " U(x,y,2)?

[0093] Given that the square of the speed of sound ¢ is much greater than the square of
the gas flow velocity u, the equation is reduced to:
¢ 2
tge + tep = fB —c(x, ) ds

where:

tpc 1s the time of flight from the first transceiver/transducer B to the second

transceiver/transducer C;

tcp 1s the time of flight from the second transceiver/transducer C to the first

transceiver/transducer B;

c is the speed of sound in the gas flow for the temperature and gas constant;

Pgc is the unit vector along the first line of sound path; and

U(x,y,z) is the velocity vector in the gas flow.
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{(094] The speed of sound ¢ detormined in step 550 of FIG. 11 is then used to correct the
downstream time-of-flight data for that speed of sound in step 360, The corrected
downstream time-of-flight data are used to determine gas flow absolute velocity in

step 570, Where the path temperature T along a line-of-flight is not known, the same

[€2]

peed of sound ¢ determined in step 550 1s utilized in some embodiments of the invention

to determine T, using the previously described isentropic speed of sound relationship

c{x,v,z) = (yv.R. T}%, as ¥, R and c{x, v, Z} are now known. In a similar manner to the
path velocity determinations previously deseribed, once all the path temperatures T are
known from cach receiver/transmitter unit back and forth, there will be 64 (assuming
exemplary 8-sensor case} iso-temperatore lines in 3-dimensions. Then using known 3-D

tomographic mapping techniques, the 3-dimensional temperature distribution is mapped.

{00951 Advantageously the active acoustic temperature and velocity measurements are
performed simultancously in real tine, thus mapping both gas flow temperature (3-D or
alternatively the 2-I mapping of FIG. ) and 3-D gas flow velocity {(FIG. 8). An
exemplary acoustic signal transmission and reception timing sequence to porform
simultancous velocity and temperature measurement is to omit an acoustic signal with a
transcetver/transducer on a first array planc {e.g., 32A at Z;}. The corresponding
transversely oriented transceivers/transducers on an axially spaced opposed second plane
{c.g., 34B-H at Zy) receive the signal for velocity processing and/or temperature
processing, if 3-I temperature measuroment is utilized. If only 2-D temperature
measurement is utilized the remainders of the transceiver/transducers on the first array
plane {e.g., 32B-H at 71} reccive the signal for tomperature processing. As previoushy
noted the transmission and receiving process also can be accelerated by utilizing unique
signal transmission paticrns for cach transceiver/transduccr. There are tradeoffs
associated with use of 2-D or 3-D teraperature measurement, Where 3-D temperature
measurement technigues arc utilized, accuracy of both temperature and velocity map may
not be the most desired in case of gas velocities of Mach 0.3 or above as the

approximation shown in the equation

30



WO 2015/138661 PCT/US2015/020060

cC )

F

may be less accurate in those velocitics ranges, because there are no independently
determincd temperature reference values. However, independent temperature T reference
valucs may be determined, using a pair of axially scparated 2-1 acoustic signal sets and
two individual acoustic temperatare maps determined with the respective 2-D time-of-
tlight signal sets. The 2-D tomperature maps are in turn interpolated to create a
volumetric temperature map. This volumetric map will be used to provide the
teroperature valoes T atilized in the isentropic speed of sound equation, along with the
known gas constant R and specific heat ratio y to extract speeds of sound ¢. The speed
of sound is then used to exiract the velocity vectors u{x,y,z). Once the velocity vectors
are extracted the velocity components can be mapped, eliminating the limttation of helow
Mach 0.3 gas velocities inherent in the previously descried 3-D velocity and temperature

mapping methods.

{00961 Combustor active gas flow veloeity or velocity/temperature monitoring ntilizing
the system and method embodiments desceribed herein with arvays of commonly wtihized
acoustic sensors is believed to provide faster velocity and temperature change response
than known velocity and temperature monitoring systems. In accordance with
embodiments of the invention one array of commonly utilized, reliable acoustic
transcetver/transdicer sensor-transmitters or arrays of separate diserete acoustic sensors
and transmitter pairs can be placed in a combustion flow path under ficld conditions and
monitored to provide active, real time simultancous velocity and temperature data and
anomaly detection that are all useful for monitoring and control of combustion power

gencration equipment, such as industrial gas turbines.

Acoustic Transceivers for Gas Turbine Combustion Chamber Monitoring
{00971 In a partial cross sectional view of a gas furbine engine combustor and environs
1200 shown in FIG. 12, several possible installation locations are illustrated for

transceiver arrangements for measuring a veloeity and tomperature ficld in or near a
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urbine combustor 1285, As noted above with reference to FIGS. 2 & 3, one possible
configuration of the transceivers is a plurality of cireular two-dimensional arrays
positioned axially along a flow path of the combustor, The transceivers in cach circular
array may be cvenly angularly spaced around a substantially circular cross section of the
combustion chamber or combustion chamber outlet. In onc embodiment, a pair of
circular two-dimensional arrays of transceivers is positioned in an arca of interest in or
near the combustor. As used herein, the term “combustor” includes components of the
combustor shell 1212, components within the combustor shell, as well as components of
the transition component 1214 that connccts the combustor shell to the turbine inlet 1216,
To tllustrate alternative transceiver array placements, three pairs of two-dimensional
arrays are shown in the turbine combustor 1210: arrays 1240, 1245, arrays 1250, 1255

and arrays 1260, 1265,

{0098] The arrays 1240, 1245 are located within the combustor basket or hner {not
shown) mside the combustor shell 1212, That installation roay be used to map
temperatare and velocity parameters for the primary combustion zone where there is a
Hame. Temperatures and velocities 1o the privaary combustion zone are useful for
combustor designers to validate their designs and for computational ool developers to

validate their combustion models.

{3099] The arrays 1250, 1255 are positioned on the transition component 1214 near the
outlet of the primary combustion zone, while arvays 1260, 1265 are located at the exhaust
end of the transition component 1214 near the inlet 1216 to the turbine section. Those
arrays may be used to measure combustor exit temperature and velocity or turbine inlet
temperatire and veloeity, which is of interest to both combustor {fransition component}
designers and turbine designers and may complement the use of computation flnd

dynamic simufators by those designers.

{03100 The transceiver array pair 1240, 1245, the alternative pair 1250, 1255 and

the alternative pair 1260, 1265 are configured and utilized in accordance with the
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concepts and principlies st forth above with reference to FIGS, 5,6 & 7, regardless of the

location of the planes of the asrays in or near the gas turbine engine combustor. The
schematic diagram of FIG. 5 iHlustrates a single transmitting transceiver 32A. It should
be recognized, however, that all the transceivers are firing either with slightly different
acoustic signals simultancously, or with the same acoustic signal sequentially, to track
and identify the firing transceiver for time of tlight calculations. The signals are
continuously emitted and are parallel processed using compiex algorithms and high
power computational hardware such that the computed temperatures and velocities are

available in real time,

{00101} While temperature and velocity information from within the combustor or
proximate the combustor outlet are exiremely usefuld for design and control of that
subgysterm, the extreme temperature conditions of the combustor present challenges in
coliecting the raw acoustic data used n computing that information. The acoustic
transmuitiers and receivers must accurately determine fime-of-flight while withstanding
high temperatures and cleciromagoetic interference and vot disrupting the flow within the

combustor.

(001021 An exemplary acoustic transcetver 13080 in accordance with one
embodiment of the present disclosure, shown in FIG. 13, inchudes 8 housing 1342
defining a measurement chamber 1350, The housing 1342 is attached to a wall 1310 of a
gas turbine component sach as a combustor shell 1212 or a combustor transition
component 1214, shown in FIG. 12, Rehwning to FIG, 13, the measurement chamber
1350 1s in communication with an interior 1311 of the gas turbine component through an
opening 1315 in the gas turbine component wall 1314, The opening 1315 creates
contingity between gases in the interior 1311 of the gas furbine component and gases
within the measurement chamber 1358, Acoustic signals propagating in the interior 1311
of the gas turbine component propagate through the opening 1315 into the measurement

chamber 1350, Conversely, acoustic signals propagating in the measurement chamber
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1350 propagate through the opening 1315 into the interior 1311 of the gas turbine

component.

[00103] The housing 1342 may be attached to the gas turbine component wall
1310 permanently, as by welding or brazing, or may be connected using fasteners such as

screws, clamps, rivets or integral mounts such as threaded mounts, bayonet mounts, otc.

(00104} Time-of-flight measurcments are made along lincs-of-sound cxiending
between pairs of openings 1315 in the gas turbine component wall 1310 corresponding to
pairs of transceivers 1300, The additional propagation time of the acoustic signals within
the measurement chambers 1350 of the pair of transceivers 1300 may be compensated for
using approximations based on the fixed distances within the chambers, or may be

ignored as insignificant,

{00105} The transceiver 1300 inchudes an acoustic signal receiver or microphone
1320 mounted for receiving acoustic signals propagating within the measureraent
charaber 1350, The recerver 1320 has access to the measurement chamber through an
opening in the housing 1342, The receiver may be located in a central region of the
housing between the opening 1315 in the turbine component wall 1310 and an acoustic

transmiiter 1336 as described in more detail below,

{00106] The housing 1342 may be shaped to optimally gunde aconstic waves
propagating from the interior 1311 of the gas turbine component through the
measurement chamber to the receiver 1328, For example, the housing may mchide an
acoustic horn or bell-shaped section having a cross sectional arca in a plane 1351 near the
gas turbine component wall 1310 that is larger than a cross sectional area in a plane 1352
near the receiver 1328, The bell-shaped section may inchude a conical, exponential,
tractrix quadratic, oblate spheroidal or elliptic cylindrical taper designed for maximum

cfficiency at the expected frequency range of the received acoustic signals, The section
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1345 of the housing 1342 between the receiver 1328 and the transmitter 1330 may be

cylindrical in shape.

100107] The transcetver 1300 further includes an acoustic signal transmitter 1330
mounted for transmitting or creating acoustic signals that propagate through the
measurement chamber 1350 and through the opening 1315 to the interior 1311 of the gas
turbine component. The transmitter may be covered by a cap 1346 covering an end of
the housing 1340 opposite the opening 1350, The housing is therefore closed, preventing

gas from cscaping through the transceiver 1300 and bypassing the turbine section.

[0010K] By placing the transmitter 1330 and the receiver 1320 in communication
with the measurement chamber 1350, and not directly in conmmunication with the interior
1311 of the gas turbine component, the transmitter and receiver are partially protecied
from the extreme envirornent within the gas turbine component. For example,
transceiver arrays 1240, 1245 (F1G. 12) placed on the combustor basket 1212 are exposed
directly to combustion flame within the basket. The measuremoent chamber 1350 (FIG.
13} of the transceiver provides some separation from those conditions for the transmitter
1330 and the receiver 1320, Acoustic signals, however, freely propagate between the
measurement chamber 13580 and the interior 1311 of the gas firbine component,
permitting accurate measurement. Further, the transmitter 1330 and the receiver 13208 do
not impinge directly into the interior 1311 of the gas turbine component, mimmizing

disroption of the flow characteristics that are to be measured.

{00109 The arrangement provides a modular transceiver arrangement wherein the
transmitter and receiver are conveniently mounted together on the turbine combustor. An
acoustic signal from the transmitter 1330 is received divectly by the recetver 1328
without degradation, providing an accurate signature for use in identifving the acoustic
signal at other transceivers in the system and for the calculation of time-of-flight using

phase shifting or other means,
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{80110} While removed from the extreme conditions within the combustor, the
acoustic transmitter 1338 must nevertheless withstand high temperatures even within the
measurement chamber 1358, To address that problem, embodiments of the present
disclosure include transceivers using a spark gap as an acoustic transmiticr, or
alternatively using a whistle as an acoustic transmitter.  Each embodimoent is described in
detail below. The appropriate transmitter is sclected based on the expected conditions
both inside and cutside the combustor. One skilled in the art will recognize that other
robust acoustic fransmitiers may be used in the disclosed transceiver without departing

from the spirit of the invention.

{00111} In an cxemplary transducer 1401 shown in FIGS, 14A, 14B, 14C, a spark
gap acoustic transmitter 1430 defining a spark gap 1431 is utilized as an acoustic
transmutier to transmit the acoustic signal in the chamber 1450, The spark gap acoustic
transmitter can withstand very high gas temperatures of up to 1000 -~ 1200 deg Cinthe
tmmediate arca. A cover or cap 1432 may be used to seal the distal end of the housing
1440 and prevent gases from the combustor from bypassing the furbine section by
passing through the transceiver 1401, A sensor or microphone 1420 detects acoustic
signals in the measurement chamber 1450, While the housing 1440 is shown as a
cylindrical housing, it may be shaped as deseribed above to guide acoustic waves to the

sensor 1426,

{00112} A low voltage electrical line 1455 (FIG. 14B) is used to transport
clectrical energy close to the spark gap transmitier 1438, where a high voltage step-up
transformer 1456 1s used to pulse the high energy that creates a strong acoustic signal,
The emitted sound pattern cannot be precisely controlied, as it can with signals emitted
from other sound sources. Some control of the loudness and frequencies of the signal is

possible, however, by changing the spark gap.

{03113} As can be seen in a time domain graph of an acoustic signal pulse 1518

from an example spark gap source, shown in FIG. 15A, the signal duration is on the order
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of T millisecond. That short signal duration, together with the ability to control the
approximate timing of the spark, allows a particular acoustic signal from a particular
transceiver to be identified as such by the other transceivers. Specifically, after a pulse is
sent to a spark gap transmitter 1430 in a sending transeciver 1401 (FIG. 14), the acoustic
sensor 1420 in that transceiver s used to determing a precise origination time for the
acoustic signal. Bascd on the origination time and an expected approximate time-of
flight to receiving transcetvers, the recetving transceivers can identify the signal as
having originated at the sending fransceiver. Optionally, an acoustic signature of the
signal may be recorded by the sensor in the sending transceiver for use in identifying the
signal at the receiving transceivers., The process is then repeated in rapid succession for

cach transcciver in the system as a sending fransceiver.

1001141 Time-of-flight of a spark gap acoustic signal may be determuned by
observing a phase shift between signals recerved by acoustic sensors in the sending and
recetving transceivers, Alicrnatively, another characteristic or signature within the signal

may be used as a timing indicator.

{00115} A frequency domain graph of an acoustic signal pulse 1520 from a spark
gap acoustic transmitter, shown in FIG. 15B, indicates that much of the signal content is
concentrated in the higher frequency ranges. For example, the inventors have found it
advantageous to use a pulse having 40% of the energy of the signal at frequency of over
1S kHz. In another embodiment, 60% of the energy of the signalis over 15 kHz, That
high frequency signal content is advantageous as the background noise of the combustor
is quicter at those frequencies. A high signal-to-noise ratio can therefore be achieved for
the received acoustic signal across the gas path, increasing the accuracy of the measured

fime-of-fhight signal,

{80116} An alternative exemplary embodiment of a fransceiver 1601, shown in
FIGS. 164, 16B, 16C, includes a whistle acoustic transmitter 1630 mounted in the distal

end of the transceiver housing 1648, The whistle may be activated by a cooling gas flow
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on the outside of the combustor, which 18 commonly used to controf combustor
temperatires in gas turbines. That approach is effoctive in cascs where there is
significant cosling flow cutside the combustor, such as within a flow sieove. A guide
tube {not shown} may be used to guide a portion of the cocling flow over the whistle
1630, Inasmuch as the whistle acoustic transmitter 1630 must function under high-
toemperature conditions, the transmitter 1s constructed of a high temperature alloy capable
of withstanding the extreme environment around the combustor basket. An apcerture
1631 is provided in the transceiver housing 1648 to allow the cooling flow to pass by the
whistle 1630, creating an acoustic signal. A cap 1632 retains the whistle clement 1630,
An nternal wall 1633 of the housing keeps flow from bypassing the combustor through
the aperture 1631, The wall 1633 is designed to provent flow while still conducting the
acoustic signal from the whistle 1630 into the measurement chamber 1650, For example,
the wall 1633 may be constrocted of a membrane that 18 apermeable to the combustor

waorking gases but conducts acoustic vibrations.

00117} The whistle acoustic transmitter 1630 provides a passive signal,
climinating the necessity of wires or other attachments to the transmiiter. The signal,
however, is substantially continuous, and additional measures must be taken to identify
the individual signals transmitted by individual whistle transmitters in a gas measurement
system.  To that end, each whistle transmutier 1630 1n a system according to the presently
deseribed erbodiment is individually tuned to transmit an acoustic signal at a unigue
frequency different from the frequencies of the other whistle transmitters in the system.
Acoustic signals received by a sensor 1620 may then be readily attributed to the

originating fransceiver.

{00118} An example time series graph 1710 of a passive whistle acoustic signal,
shown in FIG. 17A, and a frequency domain graph 1720 for the same signal, shown in
FIG. 178, indicate a relatively narrow frequency band for the signal. As a practical
matier, the whistle acoustic transmitter used in testing by the inventors could be designed

to omit a signal having a frequency signature contered at a value in approximately the 2-3
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kHz range. Each whistle acoustic transmitter in an acoustic gas flow measurement

system is assigned a unique frequency.

{00119} In contrast to the spark gap acoustic transmitters 1430 described above
with reference to FIGS. 14-15, the whistlc acoustic transmitters 1630 emit g continuous
acoustic signal as long as cooling gascs flow past the transceiver. No pulsc is sent to the
transmitter as part of the measurement cyele. Instead, when a time of flight measurement
is to be made along a particular linc-of-sound path, a phase shift or another timing
characteristic or signature within the signal 1s measured between sensors in the
originating and receiving transceivers, The unique acoustic signal frequency, or another
identifying feature of the acoustic signal, is compared between sensors in the originating
and receiving transceivers to assure that the same signal is being measured at both

{ocations.

[00120] For purposes of tiroing the whistle transmitter signal between two
fransceivers, it s important to address the problem of ambiguities within the signal. A
signal having a single, narrow band frequency peak, such as that shown 1o FIG. 178, is
close to a single-frequency sine wave and has an inherent amplitude ambiguity every 180
degrees. For example, a 5 kHz sine wave signal contains an amplitude ambiguity every
0.0001 second; a 3 kHz signal contains an ambiguity every 8.000167 seconds. Fora
transcetver distance of 35 om, the time-~-of-flight is 0.001 scconds at a speed of sound of
343 m/s and is §.0009 seconds for a speed of sound of 389 m/s. That means a system
using a signal of SkHz cannot distinguish these two speed of sound signals and their

respective temperatures.

{00121} To address the problem of ambiguities within the signal, it s advantageous
to design the whistle to incorporate multiple narrow band frequency peaks in the emitted
signal. The frequency combinations can be chosen to prevent ambignitics, at least fora
period longer than the expected measurement range. One such frequency combination

1810, shown in FIG. 18A, includes a 5kHz signal 1815 and a 3 kHz signal 1816, When
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emitting frequencies of 3kHz and SkHz at the same time, the phase combination 1820,
shown in FIG. I8B, is unique for more than 0.00025 scconds, which is a greater time
period than that for the ambiguity of either the 5kHz signal {(0.0001 seconds) or the 3kHz
signal (0.000167 scconds). A system using a whistle signal with that frequency
combination is capable of distinguishing the 0.001 sccond time-of-flight from the 0.0009
second time-of-flight in the cxample above. Another approach to limiting ambiguitics in
the received signals 18 to use a signal having a single, relatively low freguency, in which
the period is sufficient to cover time of flight differences for the expected range of

temperatures.

100122} Yet another approach to resolving ambignitics is to use information from
other paths, which have different lengths, to infor which temperature of the multiple
possible tomperatures 1s correct. For example, if the teraperature estimate for one path is
500 °C, and the temperature estimate for a neighboring, ambiguous path is either 300 °C

or 500 °C then 1t s more likely that the 500 °C estimate is correct.

1001231 The spark gap acoustic source 1430 and the whistle acoustic source 1630
gach have certain advaniages and disadvantages, as described above, An appropriaie
acoustic source s selected for an individoal application depending on the 1nstallation site

and operating conditions of the combustor.

{00124} At least three alternative types of acoustic microphones may be ased in
implementing the sensor 1420 of FIG. 14 and the sensor 1624 of FIG. 16, The particolar
microphone type 18 selected depending on the environmental temperature and other
requirements. The alternatives include piezoclectric sensors, pigzoresistive sensors and
fiber optic sensors. Fiber optic and piczoresistive microphoues have the highest
temperatire tolerance. Fiber optic sensors furthermore are more sensitive and are

immune from electromagnetic interference.
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{80125} 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 its application to the exemplary embodiment details of
construction and the arrangement of components set forth in the description or iHustrated
in the drawings. The exemplary engine 10 and exemplary combustor 1200 are shown by
way of illustration and not by way of limitation, to clearly describe certain features and
aspects of the present invention set out in greater detail herein. However, the various
aspects of the present invention described more fully herein may be applied to various
combustion engines to monitor and/or detect the occurrence of combustion anomalies.
The invention i capable of other crnbodiments and of being practiced or of being carried
out in various ways, Also, it is to be understood that the phrascology and terminology
used herein is for the purpose of description and should not be regarded as imiting. The

N

use of “inchuding,” “comprising,” or “having” and variations thereof herein s meant to
encorapass the tems listed thereafter and equivalents thereof as well as additional items,
Unless specified or imited otherwise, the terms “mounted,” “connected,” “supported,”
and “coupled” and variations thereof are used broadly and encompass direct and indirect
roountings, connections, supports, and couplings. Further, “connected” and “coupled”

S

are not restricted to physical or mechanical connections or couplings.
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CLAIMS

What is claimed is:

1. A transceiver for measuring acoustic properties of a gas in a turbine engine
combustor, comprising:

a housing defining a measurement chamber and having at least a first opening, the
housing being adapted for attachment to a turbine engine combustor wall of the turbine
engine combustor to permit propagation of acoustic signals between the gas in the turbine
engine combustor and gas in the measurement chamber through the first opening;

an acoustic sensor mounted to the housing for receiving acoustic signals
propagating in the measurement chamber; and

an acoustic transmitter mounted to the housing for creating acoustic signals within

the measurement chamber.

2. The transceiver of claim 1, wherein the acoustic sensor is in communication with

the measurement chamber through a second opening in the housing.

3. The transceiver of claim 2, wherein the housing is a substantially cylindrical
housing having first and second ends, the first opening being at the first end of the
housing, the acoustic transmitter being at the second end of the housing and the second

opening being in a wall of the housing between the first and second ends.

4, The transceiver of claim 2, wherein the measurement chamber comprises a wave
guide between the first opening and the second opening, the wave guide having a first
cross sectional area near the first opening that is substantially larger than a second cross

sectional area near the second opening.

5. The transceiver of claim 4, wherein the wave guide is substantially horn-shaped.

6. The transceiver of claim 1, wherein the acoustic transmitter is a spark generator

comprising a spark gap within the measurement chamber and an electrical energy source
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connected to the spark gap.

7. The transceiver of claim 6, wherein the spark generator further comprises a step-
up transformer in proximity to the spark gap to step up a voltage of the clectrical energy

sourcc.

8. The transceiver of claim 1, wherein the acoustic transmitter is a whistle acoustic

signal source.

9. The transceiver of claim 8, wherein the whistle acoustic signal source is activated

by a cooling gas flow outside the turbine engine combustor.

10 The transceiver of claim 8, wherein the whistle acoustic signal source is separated
from the measurement chamber by a membrane that prevents flow from the measurement
chamber and conducts acoustic signals from the whistle acoustic signal source to the

measurement chamber.

11. The transceiver of claim 8, wherein the whistle acoustic signal source emits an
acoustic signal having one or more dominant frequencies whereby amplitude ambiguitics
of the acoustic signal are spaced apart by a period longer than a range of expected time-

of-flight measurements.

12. The transceiver of claim 1, wherein the acoustic sensor is selected from a group
consisting of a piezoclectric microphone, a piczoresistive microphone and a fiber optic

microphone.

13. A system for measuring propertics of a gas in a turbine engine combustor,
comprising:

a first housing mounted to the turbine engine combustor and defining a first
measurement chamber in communication with an interior of the turbine engine combustor

through a first opening in a wall of the turbine engine combustor, the first opening
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permitting propagation of acoustic signals between the gas in the turbine engine
combustor and gas in the first measurement chamber;

a first acoustic sensor mounted to the first housing for receiving acoustic signals
propagating in the first measurement chamber;

a first acoustic transmitter mounted to the first housing for creating acoustic
signals within the first measurement chamber;

a controller coupled to the first acoustic sensor and the first acoustic transmitter,
the controller further coupled to a second acoustic sensor arranged to receive acoustic
signals propagating in the gas in the turbine engine combustor, the controller further
coupled to a second acoustic transmitter for creating acoustic signals in the gas in the
turbine engine combustor, the controller comprising:

a processor; and
computer readable media containing computer readable instructions that,
when executed by the processor, cause the processor to perform the following
operations:
transmitting by the first acoustic transmitter a first acoustic signal,
receiving by the second acoustic sensor a signal including
contributions from the first acoustic signal,
transmitting by the second acoustic transmitter a second acoustic
signal;
receiving by the first acoustic sensor a signal including
contributions from the second acoustic signal,
determining times of flight for the first and second acoustic signals
including propagation times within the turbine engine combustor;
processing the times of flight to determine the properties of the gas

in the turbine engine combustor.

14. The system of claim 13, further comprising:
a second housing mounted to the turbine engine combustor and defining a second
measurement chamber in communication with the interior of the turbine engine

combustor through a second opening in the wall of the turbine engine combustor, the
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second opening permitting propagation of acoustic signals between the gas in the turbine
engine combustor and gas in the second measurement chamber;

the first and second openings defining a line-of-sound path through the turbine
engine combustor;

the second acoustic sensor being mounted to the second housing for receiving

acoustic signals propagating in the second measurement chamber.

15. The system of claim 14, wherein the properties of the gas in a turbine engine
combustor comprise an average speed of sound along the line-of-sound path, and wherein
the operations further comprise:

determining an average temperature of the gas in the turbine engine combustor
along the line-of-sound path based on the average speed of sound along the line-of-sound

path.

16. The system of claim 14, wherein the properties of the gas in the turbine engine
combustor comprise an absolute gas flow velocity along the line-of-sound path, and
wherein the operations further comprise:

determining an average temperature of the gas in the turbine engine combustor
along the line-of-sound path based on the speed of sound along the line-of-sound path;
and

determining the absolute gas flow velocity along the line-of-sound path based on
the speed of sound along the line-of-sound path and further based on the temperature of
the gas along the line-of-sound path.

17. The system of claim 13, wherein the first and second openings are located in
separate axial planes in a combustion zone of the turbine engine combustor containing a

flame.

18. The system of claim 13, wherein the first and second openings are located in
separate axial planes in an exit zone of the turbine engine combustor proximate a turbine

inlet.
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19 A method for actively monitoring gas flow characteristics in a turbine engine
combustor, comprising:

transmitting, by a first acoustic transmitter, first acoustic signals in a first
measurement chamber, the first measurement chamber being in communication with an
interior of the turbine engine combustor through a first opening to permit propagation of
the first acoustic signals from the first measurement chamber to the interior of the turbine
engine combustor;

receiving, by a first acoustic sensor, the first acoustic signals in a second
measurement chamber, the second measurement chamber being in communication with
the interior of the turbine engine combustor through a second opening to permit
propagation of the first acoustic signals from the interior of the turbine engine combustor
to the second measurement chamber;

determining a time-of-flight for the first acoustic signals along a fixed line-of-
sound path in the turbine engine combustor from the first opening to the second opening;
and

processing the time-of-flight to determine the gas flow characteristics in the

turbine engine combustor.

20. The method of claim 19, further comprising:

guiding the first acoustic signals from the first opening through the measurement
chamber to the first acoustic sensor using a wave guide comprising a shape of the
measurement chamber having a first cross section area at the first opening that is larger

than a second cross sectional area at the first acoustic receiver.
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