wo 2015/164313 A1 | I 00N OO O 0 0 RN A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

29 October 2015 (29.10.2015)

WIPOIPCT

(10) International Publication Number

WO 2015/164313 Al

(51) International Patent Classification: RAGUNATHAN, Karthik; 109 Hunters Glen Drive,
GO1K 7/42 (2006.01) GO1K 11/24 (2006.01) Plainsboro, New Jersey 08536 (US).
GOIP 5/24 (2006.01) (74) Agent: RYAN, Daniel J.; Siemens Corporation- Intellec-
(21) International Application Number: tual Property Dept., 3501 Quadrangle Blvd Ste 230, Or-
PCT/US2015/026784 lando, Florida 32817 (US).

(22) International Filing Date: (81) Designated States (uniess otherwise indicated, for every

21 April 2015 (21.04.2015) kind of national protection available): AE, AG, AL, AM,

25) Filing L . Enolish AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(25) Filing Language: nglis BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(26) Publication Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,

o HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

(30) Priority Data: . KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

61/983,044 23 April 2014 (23.04.2014) us MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,

14/682,393 9 April 2015 (09.04.2015) us PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,

(71) Applicant: SIEMENS ENERGY, INC. [US/US]; 4400 SD, SE, 8G, SK, SL, SM, ST, 8V, SY, TH, TJ, T™, TN,
Alafaya Trail, Orlando, Florida 32826-2399 (US). IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors: DESILVA, Upul P.; 3895 McGuirk Court (84) Designated States (unless otherwise indicated, for every

Oviedo, Florida 32766 (US). CLAUSSEN, Heiko; 4 Gar-
field Court, North Brunswick, New Jersey 08902 (US).

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

[Continued on next page]

(54) Title: METHOD FOR DETERMINING WAVEGUIDE TEMPERATURE FOR ACOUSTIC TRANSCEIVER USED IN A

GAS TURBINE ENGINE
2000
2105 2100
ASSUMED INITIAL WAVEGUIDE CALCULATE TOTAL
TEMPERATURE (IWT) TIME OF FLIGHT

2155

SET WTEQ

\—Vi—‘

YES

SUBTRACT WAVEGUIDE TRAVEL
TIME FROM TOTAL TIME OF
FLIGHT TO OBTAIN MEASUREMENT
SPACE TRAVEL TIME

M~—-2110

'

CALCULATE TEMPERATURE
MAP BASED ON TIME OF FLIGHT
THROUGH MEASUREMENT
SPACE

M~—2120

:

EXTRACT WALL TEMPERATURE
FROM TEMPERATURE MAP

[™—2130

!

CALCULATE ESTIMATED
WAVEGUIDE TEMPERATURE (EWT)

M™~—2140

UAL TO EWT

DIFFERENCE
BETWEEN EWT
AND IWT > TEMP
DIFFERENTIAL
JHRESHOLD?

FIG. 23

(57) Abstract: A method for determining waveguide temperature for at
least one waveguide of a transceiver utilized for generating a temperature
map. The transceiver generates an acoustic signal that travels through a
measurement space in a hot gas flow path defined by a wall such as in a
combustor. The method includes calculating a total time of flight for the
acoustic signal and subtracting a waveguide travel time from the total time
of flight to obtain a measurement space travel time. A temperature map is
calculated based on the measurement space travel time. An estimated wall
temperature is obtained from the temperature map. An estimated waveguide
temperature is then calculated based on the estimated wall temperature
wherein the estimated waveguide temperature is determined without the use
of a temperature sensing device.



WO 2015/164313 A1 WK 00T VT 0 R 0 O

TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, Published:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2015/164313 PCT/US2015/026784

METHOD FOR DETERMINING WAVEGUIDE TEMPERATURE FOR
ACOUSTIC TRANSCEIVER USED IN A GAS TURBINE ENGINE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation in part of copending United States Patent
Application entitled “PARAMETER DISTRIBUTION MAPPING IN A GAS TURBINE
ENGINE?”, filed on April 9, 2015, U.S. Application Number 14/682,393, which is
incorporated herein by reference in its entirety and to which this application claims the
benefit of priority. This application claims the benefit under 35 U.S.C. § 119(¢e) of U.S.
Provisional Patent Application No. 61/983,044 entitled “Temperature Distribution
Mapping in a Gas Turbine Combustor”, filed on April 23, 2014, which is incorporated
herein by reference in its entirety and to which this application claims the benefit of

priority.

[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”,

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

[0004] “Nonintrusive Transceiver and Method for Characterizing Temperature and
Velocity Fields in a Gas Turbine Combustor”, filed on July 28, 2014, Serial Number
14/341,924;

[0005] “Active Measurement Of Gas Flow Temperature, Including In Gas Turbine
Combustors”, filed on March 13, 2014, Serial Number 14/207,741;

[0006] “Active Temperature Monitoring In Gas Turbine Combustors”, filed on

December 18, 2013, Serial Number 14/132,001;
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[0007] “Multi-Functional Sensor System For Gas Turbine Combustion Monitoring And
Control” filed on December 18, 2013, Serial Number 14/109,992;

[0008] “Temperature Measurement In A Gas Turbine Engine Combustor”, filed on

March 14, 2013, Serial No. 13/804,132; and

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

[0010] 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

[0011] 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

[0012] The invention relates to the mapping of a parameter in two-dimensional space and
to active measurement of gas flow parameters, such as gas flow temperature or velocity,
in flow regions 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 disclosed
herein disclose a method for determining a waveguide temperature for at least one
waveguide in order to include the effect of boundary wall and waveguide temperatures on
a temperature distribution of a temperature map, wherein the method includes calculating

an estimated waveguide temperature based on an estimated wall temperature and wherein
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the estimated wall temperature is determined without the use of a temperature sensing

device.

2. Description of the Prior Art

[0013] 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
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.

[0014] 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.

[0015] 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
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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
limited numbers of widely spaced probes, which provide relatively coarse gas flow

velocity distribution and profile information.

[0016] 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
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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 bothu and T
monitoring), and Coherent Anti-Stokes Raman Spectroscopy (CARS) (for both uand T
monitoring) instrumentation systems are also intended for laboratory environments,
rather than for field 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
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.

[0017] 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



10

15

20

25

30

WO 2015/164313 PCT/US2015/026784

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.

[0018] A need exists for techniques for creating real time, two-dimensional maps of
temperature distribution in a flow region of a gas turbine engine based on estimates of
average temperature along lines between transceivers and that include the effect of
boundary wall and waveguide temperatures on temperature distribution of the two-

dimensional temperature map.

[0019] A further 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.

[0020] Another need exists in the art for a gas turbine engine active velocity and
temperature monitoring system that maps actual combustor velocity and 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.

[0021] 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.
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[0022] A further need exists for a technique for providing real-time temperature
information in a plane transverse to a gas flow in a turbine engine for controlling the

engine.

[0023] Another need exists for a technique for controlling a gas turbine combustor based
on average temperature measurements along lines in a plane transverse to the combustor

flow.

SUMMARY OF THE INVENTION

[0024] A method is disclosed for determining a waveguide temperature for at least one
waveguide used in conjunction with a transceiver utilized for generating a gas turbine
temperature map. The transceiver generates an acoustic signal that travels through a
measurement space in a hot gas flow path defined by a wall such as in a combustor. The
method includes calculating a total time of flight wherein the total time of flight includes
a travel time through the measurement space and a travel time through the waveguide.
The waveguide travel time is then subtracted from the total time of flight to obtain a
measurement space travel time. The method also includes calculating a temperature map
based on the measurement space travel time and then obtaining an estimated wall
temperature from the temperature map. Further, the method includes calculating an
estimated waveguide temperature based on the estimated wall temperature wherein the
estimated waveguide temperature is determined without the use of a temperature sensing

device.

[0025] In addition, a method for determining a waveguide temperature for at least one
waveguide used in conjunction with a transceiver utilized for generating a gas turbine
temperature map is disclosed. The transceiver generates an acoustic signal that travels
through a measurement space in a hot gas flow path defined by a wall such as in a
combustor. The method includes dividing the wall into a plurality of boundary portions
wherein a transceiver and waveguide is associated with each boundary portion. The

method also includes calculating a total time of flight for the acoustic signal wherein the
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total time of flight includes a travel time through the measurement space and a travel time
through the waveguide. The waveguide travel time is then subtracted from the total time
of flight to obtain a measurement space travel time. In addition, the method includes
calculating a temperature map based on the measurement space travel time and then
obtaining from the temperature map an estimated temperature for each boundary portion.
Further, the method includes calculating an estimated waveguide temperature for each
boundary portion wherein the estimated waveguide temperature is determined without the

use of a temperature sensing device.

[0026] 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
[0027] The teachings of the present invention can be readily understood by considering

the following detailed description in conjunction with the accompanying drawings, in

which;

[0028] 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;

[0029] 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;

[0030] 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;

[0031] 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
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combustor gas flow active velocity and temperature measurement, in accordance with

embodiments of the invention;

[0032] 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;

[0033] 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;

[0034] 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;

[0035] 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;

[0036] 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;

[0037] 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

[0038] 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.
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[0039] FIG. 12 is a schematic illustration of a gas turbine engine showing sensor
installations in several alternative regions, in accordance with embodiments of the

invention.

[0040] FIG. 13 is a schematic illustration of a system for mapping flow parameters in a

gas turbine engine region, in accordance with embodiments of the invention.

[0041] FIG. 14A is a schematic depiction of a bilinear representation of a parameter
along a path, in accordance with embodiments of the invention. FIG. 14B is a schematic
representation of a two-dimensional space with two bilinear representations of path

profiles, in accordance with embodiments of the invention.

[0042] FIG. 15 is a flow chart showing a technique for mapping a parameter based on

average path values, according to embodiments of the invention.

[0043] FIG. 16 is a diagram showing parameter profiles for a single path, according to

embodiments of the invention.

[0044] FIG. 17 is a flow chart showing a technique for mapping a parameter based on

average path values, according to embodiments of the invention.

[0045] FIG. 18 is a schematic view of a two dimensional space showing measurement

paths and a grid segment, according to embodiments of the invention.

[0046] FIG. 19 is a flow chart showing a technique for mapping a parameter based on

average path values, according to embodiments of the invention.

[0047] Fig. 20 is an exemplary cross sectional view of a plurality of transceivers cach

baving a waveguide wherein the transceivers each generate an acoustic signal that defines

-10-
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a plurahty of acoustic paths travelling through a measurement space of a hot gas flow

path.

00487 Fig. 21 depicts a boundary portion of a wall that defines the hot gas flow path
wherein the wall is divided 1nto g plurality of virtual boundary portions cach having an

associated transceiver and wavegiide.

[0049] Fig. 22 depicts a boundary portion of the wall that 1s not divided and that inclades

transceivers cach having a waveguide.

(00507 Fig. 23 is a flowchart for illustrating a method for determining a waveguide

ternperature in accordance with embodiments of the invention.

(00517 Fig. 24 18 a chart depicting an exemplary waveguide temperature plot for cach

waveguide shown in Fig. 20,

00527 Figs. 25-30 depict a sequence of exemplary temperature maps that dlustrate

temperature convergence for a waveguide as the number of iterations increase.

[0053] To facilitate understanding, identical reference numerals have been used, where

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

DETAILED DESCRIPTION

[0054] 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

-11-
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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.

[0055] In an integrated acoustic pressure-based sensor and monitoring/control system
embodiment, the controller correlates velocity and, if desired, absolute active path
temperatures simultaneously with acoustic transmission and time-of-flight analysis
techniques. Where velocity and temperature are measured simultaneously 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-
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.

[0056] In embodiments of the invention active velocity or active velocity/temperature

measurements are used as monitoring parameters for gas flow in a combustion

-12-
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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

[0057] 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
geometry gas turbine engine designs, including can, can-annular or annular construction

combustors in stationary land-based or vehicular applications.

[0058] 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

-13-
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turbine section 16. The hot working gas is expanded through the turbine section 16 and

is exhausted through the exhaust section/system 18.

[0059] 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 aero, marine or land vehicular applications.

[0060] 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
thermoacoustic oscillations in each 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

-14-
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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.

[0061] 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
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.

-15-



10

15

20

25

30

WO 2015/164313 PCT/US2015/026784

[0062] 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.

[0063] 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, etc. 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
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.
[0064] 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
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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).

[0065] The memory 52 may include areas for storing computer program code executable
by the processor(s) 50, and areas for storing data utilized for processing, ¢.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.

[0066] 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
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 each

Procecssor.

Monitoring and Control System Operation

-17-



10

15

20

25

30

WO 2015/164313 PCT/US2015/026784

{00671 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 1GT 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 are 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.

00681 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
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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.

006971 The temperature monitoring and determination subsystem 44 may coraprise
passive temperature determination utilizing the passive acoustic method deseribed in
United States Patent Application “Temperature Measurement in a (Gas Turbine Engine
Combustor:, filed on March 14, 2013, Serial No. 13/804,132, incorporated by reference
herein, and/or real time actual path temperature determination within the combustor 14,
Real time actual path teroperature s determoined by adaptation of the 2-D planar acounstic
pyrometry technique for gas turbine exhaust system temperature determination described
i United States Patent Publication No, US2012/0150413 (also incorporated by reference
herein) or by a 3-D technique that determines one or more path teraperatures between the

a:
sensor arrays 32/34 of FIG. S, that 1s further described in greater detail herein

{0070} In the passive temperature determination method, sampled high speed dynamic
pressure signals from the transceiver/transducers 32/34, such as obtained w step 130 are
analyzed for dominant modes in step 208, Combustor temperature is calculated based on
frequency using the passive acoustic method m step 218, The passive valuce s calibrated
with a reference temperature value in step 220 1o order to obtain an active temperature

value within the combustor 14, The calibrated passive teraperature value determuned in
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step 220 15 utilized in step 230 to determine the bulk mean temperature of the combustion
gas in step 230, The reference temperature vahie used in step 220 may be obtained from
one or more therroocouples 36 1u the combustor or thermocouples located in the exbaust
systern 18 (not shown). The reference temperature value may be an actual path
temperature measured n the exhaust system 18, as deseribed in United States Patent
Publication No. US2012/0150413 or a real tine path temperature measured in the

combustor 14 that is determined m steps 300-330.

[00717 The 2-D real time path temperature is measured by transmitting one or more
acoustic signals in an acoustic transceiver/transducer 32, 34 or other discrete transmtter,
such as in the 2-D planar pattern shown for the {(n=8+ transceiver/transducers 32A-H in
FIG. 9. For cxample, transceiver/transducer 32A transroits & signal that is received by the
rematning (n-1} transceiver/transducers 328B-H and the time-of-flight for cach hne-of-
sight path is determined. However, at least ong, preferably two or more sensor elements
in the remaining transceiver/transducers 32B-H receive the acoustic signal{s} in step 310,
Preferably in practice several transceiver/transducers (transmit and receive acoustic
signals) circling one plane such that the paths between all transceivers form a grid with
desired coarseness which resuits in the spatial resolution of the temperature measurement.
For exarople, for a cylindrical combustor the transceivers could be equally spaced around
the periphery as shown m FiGs. 3 and 9. These could be either fired sequentially {(one at a
tirae} or sirnuliancously with disjoint sound patterns that can be readily differentiated. For
sequential firing one transceiver is creating sounds while all remaining transceivers

ceord it to cstimate the travel time for the respective paths, Each of these line-of-sight
paths represents an average temperature along that path. The average temperatures over
different paths are combined to a two-dimensional map shown i FIG. 9, using a known

computer tomography techuique.
(00721 The 2-D time-ot-tlight sound data are converted to gas temperature using active

acoustics in step 328, such as by utilization of the methods described in the

aforementioned United States Patent Publbication No, US2812/0150413 that 1s
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wecorporated by reference herein. The real time path tomperature that is determined w
step 330 is the localized active temperature value along the linc-of-sight transmission
path. A plurality of active temperature values measured aloug different acoustic paths by
performing the steps 300-330 can be uiilized to determine the combustor 14 bulk
temperatures, alone or in paralicl with the dorninant frequency passive acoustic method
of steps 200-230. While a single path active temperature measurement between a single
transmitter 30 and acoustic sensor 32 provides useful control mformation, arraying a

Ind

plurahity of transcetver/transducers 32, 34 selectively tu any axial, errcurnferential and/or
radial pattern or combinations thereof within a combustor 14 (see, e.g., FIGs. 2, 3, 5, or
93 or in a series of combustors 14 facilitates active real time two- or three-diroensional

combustion temperature monitoring within the gas turbine engine 10.

00731 The 2-D or 3-13 real time path temperature determined in steps 300-330 can be
utilized as an input for other monitoring and control functions, with or without onc or
more of the combustion dynamics analysis 42, passive temperature mouitoring and
determination 44 and control 46 functions described in the exemplary integrated
monitoring and control system 29 described herein. For example combustor turbine inlet
temperature {(TIT) can be actively monitored in real time and used as a control parameter
for the corobustion process. The combustion active path temperatare determined n

steps 300-330 can be utilized to control the fuel/air mixture i the combustor 14 via the
fuel injection system 28, The real time path active ternperature can be utilized as an input
for active actual gas flow velocity measurement in an industrial gas turbine combustor or

n other types of gas flow covironments.

[0074] Embodiments of the present invention measure 3-D gas flow velocity and/or gas
flow teraperature by correlation with sonic tirac~-of-fhght along a line-ofsight sounic
pathway between axially spaced, transversely oriented sonic fransmitter and sensor {(or
transceiver/transducers incorporating the scnsors and transmitters), so that the hine-of-
sight along the pathway is oriented transverse, as opposed to parallel to the gas flow path.

In order to determine gas flow absolute velocity, the timac-of-thght data arc corrected or
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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.e., forward/downstream
transmission and reverse/upstream transmission). The aforementioned thermodynamic
influences are governed by the known equation:

c(x,y,z) = (y.R.T)Y/?
Where:
c(x,y,z) 1s the isentropic speed of sound;
v 1s 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.

00757 For accurate absolute velocity or temperature measurement, two planes of
transceiver/transduccers 32, 34 are oricnted 1 axially spaced, opposed relationship within
the gas flow, as shown in FIG. 5. The two transceiver/transducer planes 32, 34 are
preferably apart by approximately the sarac order of magnitude as the diarncter (circular)
or width {square or rectangular) of the wonitored gas flow geowetry. That is, the axal
distance between the two planes should be determined according to the geometry and
scale of the interrogated environruent as well as the anticipated or possible ranges of gas

flow gas constant, temperature and velocity.

(00767 For gas flow velocity estimation, the gas flow s measured axially and transverse
to the flow direction. For exaraple, when transceiver/transducer 32A in plane 2y fires or
transmits a signal, all travscetver/transducers 34B-H n plane Zp that are not parallel-

aligned with the signal firing sensor will be listening, thereby creating several paths
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across the gas flow (n-1 paths for v sensors). The signal transmitting/recciving firting
process continues sequentially with the second transcetver/transducer 32B on plane 7y
firing to the remaining (n-1) transceiver/transducers 34A and 34C-H, which reccive that
transmitted signal. The trapsmitted signal firing will continue on with the consecutive
transceivers firfng and creating u-1 paths for cach firing. In the crabodiment of FIG. 5,
having & transcetvers/transducers in each of the two axially spaced arrays there are a total
of 64 paths n three dirnensions. In addition, to alieviate the directional arabiguty of the
velocity (to wentity reverse flows and perhaps turbulence fluctoations o reverse
direction) the same process will be repeated with transducer/transceivers 34 in plane Zy
firing and transceiver/transducers o plane 7 receiving the reverse direction transmitted
acoustic signal, assuming that the gas flow temperature is already known. Instead of
transmitting/firing acoustic signals sequentially from cach transceiver/transducer, & sound
pattern with a slightly different acoustic signature can be transmitted from each
respective transceiver/transducer 32A-H, 34A-H simultancously, which shortens
measurement time Referring to steps SO0 and 510 of the gas flow velocity measurement
method flow chart of FIG. 11, once all transceiver/transducers in planes 7y and 2y have
fired and the transmitted acoustic signals have been received by the opposing plane of
transversely aligned transceivers/transducers, the process preferably repeats continually
in real time while a 3-B velocity map u is constructed frovo the spatially distributed Hoe-
ofsight acoustic paths, using known 3-D tomographic mapping techniques, such as those
utilized n medical or industrial computed tomography systems. The velocity information
is extracted and mapped, as shown in FIG. 8. Stmilarly, a 3-B temperature map T can be

constructed utilizing the time of flight data, as will be described n greater detail herein,

(00777 After all of the transceiver/transducers 32, 34 in a planar array have fired acoustic
signals the respective huc~-of-sight flow path time-of~tlight data are used to derive
absolute velocity in the gas flow path in step 560, once corrected for the thermodynamic
ctfects of temperature, gas constant and the speed of sound, as described in greater detail
below. Flow velocity measurement accuracy potentially decreases as flow veloeity

approaches the spoed of sound, assuming constant gas temperature n the velocity
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measurernents, Flow velocity below a Mach number of approximnately 0.5 1s not believed
to impact velocity measurement significantly. Therefore it is preferable, but not required,

that measured flow velocities should be smaller than half of the local speed of sound that

is aeasured. This method can accurately measure high temperature gas flows, including

turbine engine gas flows, despite relatively high absolute veloeities, because the local

speed of spund increases with temperature.

{00787 Onee acoustic time-of-flight data are available, they are used by the monttoring
and control system 29 or other remote monitoring system to determine velocity along
thetr respective acoustic paths in accordance with the remaainder of the steps of FIG. 11,
Referring to FIGs. 6 and 7, information sound propagation is linearly affected by the gas
flow. Relative gas flow velocity for @ given temperature, gas constant and speed of

seund is determined by the known equation:

c
1
t =f 5 = ds
Be B c(x,y,z) + Prc 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;
Pec is the unit vector along the first line of sound path A between B and C; and

U(x,y,z) is velocity vector in the gas flow.

{00797 The exemplary planar slice along the line-of-sound path A shows a siraplified
flow pattern. Referring again to the flow chart of FIG. 11, the relative gas flow velocity
is corrected for thermodynamic teraperature, pas flow and speed of sound influences, in
order to derive absohute velocity in step 560. I the path temperature is available

{step 520) is influcnce on the speed of sound can be corrected by known tomography
methods, in order to derive the gas flow absolute velocity along the line-of-sound path. If
the path temperature is not available, times-of-flight for forward (steps 500, 510} and
reverse {steps 530, 540) acoustic signal transmussion are acquived and used to oxtract the
speed of sound without effect of the gas velocity in accordance with the ©llowing

cquations. The reverse tine~-of-thght from transducer/transceiver C o

4.



10

15

20

WO 2015/164313 PCT/US2015/026784

transducer/transceiver B is determined by the following equation, sumilar to that for the

forward or downstream direction set forth above:

B
1
tecg = > = ds
cB .];; c(x,y,2z) + Ppc* U(x,y,2)
[0080] The forward and reverse times-of-flight are added in accordance with the

following equation:
c

b+t _j' 2 ¢c(x,y,2)
BE T T g c(x,y,2)2 — Pac - U(x,y,2)?

[0081] 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 = L 7.2 ) ds
where:
tpc s 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, ) is the velocity vector in the gas flow.

[0082] The speed of sound ¢ determined tnstep 350 of FIG. 11 15 then used to correct the
downstream time-of-flight data for that speed of sound in step 560. The corrected
dowunstream time-of~flight data are used to determine gas flow absolute velocity in

step 570. Where the path termaperature T along a linc-of-flight 13 not known, the same
speed of sound ¢ determined in step 550 15 utilized in some embodiments of the mvention

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

1
c{x,v,2) = {y.R.Tlz, asy, R and c(x, v, 2} arc now known. In a similar manner to the

path velocity determinations previously deseribed, ouce all the path temperatures T are
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known froro each receiver/transmutior uott back and forth, there will be 64 {assuming
exemplary 8-sensor case) iso-terperature lines in 3-dimensions. Then using known 3-D

tomographic mapping technigues, the 3-divocnsional temperature distribution s mapped.

00837 Advantageously the active acoustic teraperature and velocity racasurcments are
performed simultancously tn real time, thus mapping both gas flow temperature (3-D or
alternatively the 2-D mapping of FIG. 9) and 3-D gas flow velocity (F1G. ). An
exerplary acoustic signal transmission and reception timing sequence to perform
strnultancous velocity and temperature measurement 18 to emit an acoustic signal with a
transcetver/transducer ou a first array plane {e.g., 32A at Z1). The corresponding
transversely oriented transceivers/transducers on an axially spaced opposed second plane
{e.g., 34B-H at Zy) receive the signal for velocity processing and/or temperature
processing, if 3-I¥ temperature measurement is utihized. Ifonly 2-1 temperature
macasurcment 18 uiilized the remamders of the transceiver/transducers on the first array
plane {e.g., 328B-H at Z1) receive the signal for temperature processing. As previously
noted the transmission and receiving process also can be accelerated by utilizing unique
signal transmission patiemns for cach transcetver/transducer. There are tradeotfs
associated with use of 2-D or 3-D temperature measurement. Where 3-D temperature
weasurement technigues are utitized, accuracy of both temperature and veloctty 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
£ 2

tpe + fem ﬁslj; Zii;:g;:;geis
may be less accurate 1u those velocities ranges, because there are no independently
determuined temperature reference values. However, independent temperature T reference
values may be determived, using a pair of axially separated 2-13 acoustic signal sets and
two individual acoustic temperature maps determuned with the respective 2-B) tirac-of-
flight signal sets. The 2-D temperature maps are in turn interpolated to create a
volumetric temperature map. This vohmmetric map will be used to provide the

tevoperature values T utilized in the sentropic speed of sound equation, along with the

6-



10

15

20

25

30

WO 2015/164313 PCT/US2015/026784

known gas constant R and specific heat ratio v to extract speeds of sound ¢. The speed
of sound is then used to extract the velocity vectors u(x.y,z). Once the velocity vectors
are exiracted the veloctty coraponents can be mapped, eliminating the Hwitation of below
Mach 0.3 gas velocities inherent in the previously deseried 3-D velocity and temperatare

mapping methods.

[0084] Combustor active gas tlow velocity or velocity/temperature monitoring utihzing
the systern and mcthod embodivoents deseribed herem with arvays of comuonly wtilized
acoustic sensors is belicved 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 comumonly utilized, reliable acoustic
transceiver/transducer sensor-transiutters or arrays of separate discrete acoustic sonsors
and transmitter pairs can be placed in a combustion flow path under field conditions and
monitored to provide active, real time siraultancous velocity and teraperature data and
anorualy detection that are all useful for monitoring and control of combustion power

gencration equipment, such as industrial gas turbines.

Mapping Parameter Distributions

{0085 A parameter map i a two-dimensional or three-dimensional space has numerous
uses in the design, diagnosis and control of achinery. For example, a termperature or
velocity map of a region of the gas path 1s useful in diagnosing and accurately measuring
the performance of a gas turbine engive. The map may, for example, be a temperature
map i the vicinity of the combustor flame or may be a turbine inlct tomperature map in
the region exiting the combustor. Siraple temperature maps are presently created using
thermocouple temperature rakes and temperature probes mounted on the first row vane to
obtain measurements from which a crude hnear temperature profile may be fit. Those
short-term, intrusive methodelogies provide crude profiles based on sensor locations but
do not provide a spatially resolved map of temperatures 1 real time that one could utilize
to control a gas turbine or to understand temperature distribution during a new engiue

design validation process.
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[0086] Presently described are techniques for using acoustic or other signals that are
transmitted and received in a region of a gas turbine cogine. Many flow regions of a gas
turbine engine may be of interest in the use of the presently described technigues, and
several exemplary regions are depicted n the schematic diagram of the gas turbine
engine 1200 shown in FIG. 12, An inlet teraperature map 1211 of a gas turbine inlet
1210 may be created using the described techniques and using acoustic sensors 1212
arranged crcumdercutially around a planar reglon of the inlet. A corabustor temperature
map 1221 may be created to show temperature distributions in regions of the combustors
1220. Depending on the arca of micrest, the sensors 1222 may be arvanged around a
plane through a primary combustor flame zone or a turbine inlet (combustor exit). A
three-dimnensional veloctty map 1231 of gas flow through a turbme diffuser 1230 may be
constructed using information from sensors 1232 arranged circomferentially around
multiple planar regions in the diffuser. An exhaust temperature map 1241 may be created
using sensors 1242 to show temperatare distribution in a two-divsensional region of the
turbine exhaust 1240, One skilled in the art will recognize that the described technigues
may be roplemented with other sensor arrangements and other gas turbine eogine regious

to yicld additional useful parameter maps.

(00877 An advanced methodology of tomographic principles s utilized to extract a
spatially resolved map in resl time using & fow dozen individual paths of the siguals. As
deseribed above, the sensors may be acoustic sensors and speed of sound nformation on
cach path is processed to estimate the average temperature over that path length, At each
time inferval, representations of cach of the paths containing average tevaperature
information are tomographically mapped into the spatial distribution of the temperatures
at the measurement tiroe and then updated for subsequent measuremcnt times.
Information from the resuiting temperature map may be used in the engine control

algorithm or to maintain safety of engine operation and low erission levels.
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[00RK] In embodiments as discussed above and as shown in FIG. 13, the transmitters and
sensors 1310 are circumferentially distributed around a cross section of the hot gas path
of one or more turbine regions 1305, The seusors and receivers may, 10 sorae
embodiments, be acoustic transceivers (sender/receiver combinations) arranged in a plane
through the combustor where those transceivers will send and capture acoustic signals in
real-time. While the disclosure discusses the sensors and receivers with reference to
acoustic sensing techniques, one skitled m the art will understand that the sensors and
recervers may altervatively utthze laser-based tunable diode laser absorption
spectroscopy or another measurement technology to determine an average temperature
along a line path i the combustor. In the case of acoustic transceivers, the fransmitted
signals are used to determine an average speed of sound, which is used to estimate an

average temperature.

00897 In the case of laser based tunable diode laser absorption spectroscopy, several
techniques for temperature measurement are possible. Path averaged temperatures may
be measured by probing two different absorption lines for the same specics while
sweeping the laser across the absorption spectrum. Laser absorption by gases across the
plane in certain mfrared wavelength bands is proportionate to species concentration and
temperature and can be solved to provide averaged path terperatures along cach line.
Alternatively, the Full Width at Half Maximum (FWHM) of the probed absorption hine
may be related to the Doppler Hne width of the species. Other laser-based or other
teraperature measurement techniques may be used without departing from the scope of

the disclosure.

00901 In the case of temperature mapping, a tomographic mapping module 1315
converts a plurality of average path temperatures into a teraperature roap 1320 at each
time interval that the temperatures are sampled. The two-dimensional or three
dimensional roap ncludes high spatial resolution isothorms and provides more valuable
information than separate average path temperature estimates for interpretation of the

engine health as well as for inputs to the engine control algorithm. The temperature map
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1320, together with derived combustion guality joformation 1325, s fransmitted to an
engine control unit 1330 that utilizes that information to control the combustors and/or

the gas turbine engine.

100917 While described with reference to the construction of a teraperature map from
average path temperature estimates, the techniques deseribed herein may be used to
construct other two dirnensional or three dimensional maps from gverage values of paths.
For cxample, the estimated average velocities along transmitter receiver paths may be
used to construct a two-dimensional or three dimensional map of local velocities using

the similar methods.

[0092] Described herein are several different techniques for mapping and cxtracting
spatial fnformation about a parareter from a set of path averaged Hines in a region.
Those techniques include a polynomial approximation method, a basis function method
and a grid optimization method. Each of those techuiques is desertbed in turn below.
While several of the descriptions refer to an exemplary embodiment in which a gas flow
teraperature s measured, one skilled in the art will recognize that the deseribed
techniques are applicable to mapping other parameters where average values along linear

paths are available.

[0093] Polynomial Approximation Technique: Once way of accomplishing the task of

converting a plurality of average path teraperatures to a teraperature map is fo
approximate the temperature profiles along cach path with @ polynormal and then,
through au iterative process as shown in the flow chart 1500 of FIG. 15, to adjust the
parameters of cach polynomial to minimize errors. To do this, cach path, such as path
1405 shown in FIG. 14A 1s inatially assigned, 1u operation 1510 (FIG. 15), a temperature
function that includes scale factors and reflects the estimated average temperature along
the path. In the bi-lincar profile 1400, tomperatures increase lincarly from the end pomts
1415, 1428 (1.e., the transmit and receive points at the chamber walls) to form a peak

1425 yielding a profile similar to the cross section of a tent. The mitial maximurm
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temperature is at the peak and the minimur (wall) temperatures are at either end. The
distance 1430 from the transmit end point 1415 to the peak 1425 is determined by a
midpoint scale parameter. The midpoint scale parameter voay be mittially set to 50% of

the path length by default.

{00941 The peak height 1410 defines the initial maximum temperature along the path
14035 at the peak 1425, Inttially, a peak height scale factor may be set to the value of two

tivaes the average path tomperature.

{00957 The cud potnts 1415, 1420 meay be assumed to be constant and are held at a
constant level by the algorithm relative to a wall temperature variable. The wall
ternperature variable may be selected in several ways. In one exarapie, a fixed value 15
manunally entered. In another example, a percentage of the average path temperature, or
the minimum path teraperature, s used. In other ermbodirnents, an actual sensor such as 4
high temperature thermocouple s used to input a wall temperature signal directly into the

algorithm.

00961 Bilincar integration 18 performed from the transmit point 1415 (wall teraperature}
to the mid-point 1425 {roeasured path teraperature iteratively computed scale factor) and

back down to the receive point 1420 (wall temperature).

00971 The estimated path profile 1400 is then plotted, in operation 1520, into a two
dimensional grid representing the planar arca of the charaber 1401, as shown in FIG.

148, That process is repeated for cach path, such as exerplary second path 1430, When
ali temperatures have been plotted onto the grid, the grid contains a sparse representation
of the tevaperature map. As a result, there are missing points on the grid i the open arcas
between paths. In those open areas, a curve smoothing technique such as a Bezier
function is used to transforrm the sot of known points mto a polynomial approximation of
the actual temperature curve at discrete points on the grid. After the grid is smoothed,

Hne integrations are pertormed along Hue paths, in operation 1530, and compared to
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weasured data i operation 1548, The result of that comparison s used to adjust the scale
factors in block 1370 for the next iteration to minimize the error between measured and
estivaated temperatures. The terative process may be repeated according to decision
operation 1550 between 3 and 20 times to produce a surface with the least ervor when

corpared to the original measured average path teraperatures.

[0098] The iterations arc ended in operation 1560 when the crrors are below a preset
maximum, While there is no specification for absolute error or accuracy of the generated
isothermal map, an average path error value can be calculated to provide a confidence
factor for any given voap. The average path crror will range from 0 to 3-4% for a typical
systemn in normal operation. If the mapping plane and the physical factors have been
optimally selected, this can be used for a very accurate spatial map from the path

averaged temperature information.

00991 Basis Function Technique: Another technique for converting a phurality of
average path temperatures to a two dimensional temperature map 1s the use of basis
functions. In general, every continuous function in a function space may be represented
by a linear combination of basis functions. In the presently described technigue,
portrayed in the flow chart 1760 of FIG. 17, the teraperature roap 18 represented by a
lincar combination of 2-dimeunsional basis functions derived from thermocouple

nmeasurements.

[00100] The 2-dimensional basis functions are extracted, as shown in operation
1710, from a large database of thermocouple temperature measurements or other
parameter measurements, using a statistical procedure such as principal component
analysis (PCA}. The boundary conditions are fixed/constant for the 2-divnensional basis
functions based on a manually entered fixed value, or on measured wall temperatures.
The technigue finds weights for the basis functions that minimize crror on measured

times of flight. In embodiments, the weights are found teratively.
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(00101} In one embodiment, there are K two-dimensional basis fumctions derived
from the thermocouple measurements. There are furthermore f acoustic paths 7 and #;
mean temperatures, one estimated frora cach time of flight measurement along an
acoustic path. For each basis function and path, the path temperatures are sampled
{operation 1720} into a vector along a length £3 of the path. For cach path 7, the saropled
temperatures are collected 1o a D x K matrix X, as llustrated by the matrix 1600 of FIG.
16, which shows, for a single path, six temperature profiles for six basis functions K1-£g,
cach sampled at five locations D1-Ds. For example, for the basis function £ shown in
matrix 1600, five temperature samples are illustrated for five sampled points D1 through
D35 aloug the path. Sumilar matrices are created for cach of the other paths. The goal is
to find {operation 1730) the combination of basis functions that best represents the mean
teraperatures measured by the times of flight. The weighted combimation of basis

functions is given by the weight vector @ which can be found as:

I 2
_ 1
arg min E ||—aTXil—ti|| :
@ L D
i=

(001021 Grid Optimization Technique: In an embodiment utihzing acoustic
signals, the estimated average path teroperatures may be converted to a two dimensional
ternperature map using a grid optimization technigue shown n the flow chart 1900 of
FIG. 19, in which the 2-dimensional map 1s segroented mito multiple gnd segments
{operation 1910}, such as the grid segment 1820 shown i FIG. 18, The goal s to
estimate the value (temperature or velocity) in cach grid segroent. A grid segment 18
defined as a region bounded by the horizountal and vertical lines of the grid. The speed of

the acoustic signal throughout cach grid segment 18 assumed to be uniform.

F00103] The distance covered by cach acoustic path in traversing cach grid
segment is imttially calculated, at operation 1920. In the example shown in FIG. 18, the
distances within the grid segment that are traversed by paths 1831, 1833, 1835 and 1837

are determomed. Since the total time of fhght for each path and the distance traversed by
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the path through each grid segment is known, the time taken to travel through each grid

scgment along a path can be calenlated by solving following system of equations:

£y diy dyz o din 1%
LA dyy dyp v domii®2

tn dpi dnz o Gpmd ¥
where 7 18 an index of paths, m 1s an index of grid segments, 1 is the time of flight for a
given path, x is a coefficient of each grid segment corresponding to a reciprocal of the

speed of sound in that grid segment (_______,

- } and d is the distance traversed by a path n
velacity ¥

through cach grid segment m.

(00104} A boundary condition is applied on the grid segment cocfficients
corresponding to the boundary

Xy =€
where wis a grid segment index corresponding to the wall and ¢ is a constant derived

from the wall temperature.

[00105] To reduce the scarch space and limit the selved result to within acceptable
ranges, upper and lower bounds for the coefficients are imposed based on the physical
reality, For cxample, the temperature of cach grid segment may be restricted to a value

greater than room temperature and less than 1060 °C,

[00106] The number of grids segracnts o be solved may greatly exceed the
number of path equations, making a large number of solutions possible. In that case,
additional optimization criteria such as minimizing the difference between speeds of
sound in neighboring grid segments are fmuposed to obtain a smooth map which s also

close to reality.
[001071 After computing a value for a speed of sound for cach grid segment
{operation 1930), temperature values are estimated for the grid segments, and a

temperature map may be constructed {operation 1948) using those valoes.
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[00108] In embodiments, the above techniques may be employed in controlling a
gas turbine engine using tomperature data. Ouce the two~dimensional tomperature wap is
computed, it is available in real-time for the computation of information useful in
controiling the engine. For cxample, referring to FIG. 13, the tomographic mapping
modile 1315 may compute the bulk mean termperature (average temperature of the map),
the distribution of termperature in the plane {(as a goodness function or as a profile}, and 4
difference of temperature between different baskets 1 the combustion system 1s a can or
can annular combustion system. That information is then provided to the engine control
unit 1330, which s mteliigently programmed to control engine pararcters for optinum

engine performance (safety, performance and emissions).

FO0109] As previously deseribed, transceiver/transducers 32A-H and 34A-H (sce
Fig. 5} transmit and receive acoustic signals that define acoustic paths. Tirne of flight
measurements along corresponding acoustic paths are then used to generate a teraperature
nap such as temperature map 1320 shown in Fig. 13, Each acoustic signal is transmitted
and received by transceiver/transducers 32A-H and 34A-H through a wavegmde

associated with a transcetver/iransducer.

(00110} Referring to Fig. 20, an exemplary cross sectional view is shown of a
plurality of acoustic paths 2000 travelling through a measurement space 2010 of a hot gas
flow path 2020, For purposes of ilhustration, the hot gas flow path 2020 1s located ina
corbustor 20 although it is understood that the hot gas flow path 2020 roay be located
the turbine diffuser 1230 (see Fig. 12) or an exhaust stack. Fig. 20 depicts a plurality of
transceiver/transducers (1.¢. transceivers) cach having a waveguide, for example
transceivers 2040A-2040F having corresponding waveguides 2030A-2030F, respectively.
The transceivers 2040A-2040F only measure temperature and gas flow in a volume
between the transceivers 2040A-2040F, 1e., the moeasurement space 2010, However, a

temperature at a solid boundary that defines the hot gas flow path 2029 is not measured.
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Farther, a temperature inside the waveguides 2030A-2030F 5 also not measured. Inan

embodiment, the solid boundary may be a wall 2050 of the combustor 2(.

LORRE In order to generate a temperature map, an assumed or selected
temperature 18 used for the wall 2050 and waveguides 2030A-2030F. 1t has been found
by the inventors herein that the wall 2050 and waveguide 2030A-2030F temperatures are
tmportant pararncters that affect the temperature distribution and teraperature values
indicated on a temperature map. However, the selected or assumed tevaperatures that are
used are frequently erronecus, resuiting in maccurate temperature maps for a hot gas flow

that has not been previously characterized.

(60112} A temperature map includes temperature information near a wall that
forms a hot gas flow path. In accordance with embodiments of the inveuntion, waveguide
temperatures are calculated based on the tomperature near the wall 2050 that s indicated
by an initial temperature map. In an embodiment, a lincar relationship is established
between a wall temperature value and waveguide temperature although it is understood
that nonlinear relationships way be used. Referring to Fig. 21, a boundary portion 2060
of the wall 2050 is divided into a plurality of virtual boundary portions 2070A-2070H
{cight exemplary boundary portions are shown} thereby forming a boundary porhion
mdex. Hach boundary portion 2070A-2070H 1s associated with corresponding
transceivers 2040A-2040H that include the corresponding waveguides 2030A-2030H,
respectively, such that the waveguides 2030A-2030H are located adjacent or relatively
close to a corresponding boundary portion 2070A-2070H. The temperature of cach
waveguide 2030A-2030H is governed by the temperature of tts associated boundary

portion Z070A-2070H in accordance with Eq. (1)

tempAtWaveGuide(tr 1} =

(.75 x estimated wall value{matching boundary portion) + 30 K {1}
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wherein “ir 17 corresponds to a transducer/recerver 2040A-2040H vurnber associated
with a boundary portion 2070A-2070H, “tempAtWaveGuide(tr 1) is a temperature for a
wavegde 2030A-2030H corresponding to the transducer number “ir U and “K7 s the
Kelvin temperature scale although it is understood that other temperatures scales may be
used. The “estimated wall value{matching boundary portion)”’ is an estiruated
temperature for the boundary portion 2070A-2070H associated with the transducer. This
enables calculation of 4 temperature for cach boundary portion 2070A-2070H and thus a
corresponding waveguide teraperature based ou each boundary portion 2070A-2070H,
resulting in a plurality of waveguide temperatures as shown in Fig. 24, As will be

described, Eg. (1) may be used to calculate an initial waveguide temperature.

[00113] In another embodiment, the wall 2050 1s not divided as shown m Fig. 22
and a uniform value for temperature 18 assumed for cach waveguide 2030A-2030H. A
temperature 1s calculated of a coraplete boundary portion 2080, The temperature of all

the wavegunides 20303A-2030H 1s given by Hg. (2):

temnpAtWaveGuide = 0.75 x mean_estivoated wall value + 30K {23

wherein “terapAtWaveGuide” is the temperature of all the waveguides 2030A-2030H,
“mean_estimated wall value” is the estimated mean temperature for the complete
boundary portion 2080 and “K” 1s the Kelvin temperature scale although it is understood

that other temperatures scales may be used.

(00114} Referring back to Fig. 20, a total time of flight for an acoustic signal s the
sum of the amount of time for the acoustic signal to travel through a waveguide 2030A-
2030H and the amount of time for the acoustic sigoal to travel through the measurersent
space 2010, The time taken to travel through a waveguide 2030A-2030H 1s subtracted
from the total time of flight and the remaining tirac is then used to generate g temperature
map. Waveguide temaperature is an important parameter that affects the time of flight of

the acoustic signal. Calculation of an updated waveguide temperature via Eq. (1), for
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example, causes a corresponding change m the tirae taken to fravel in the measurement
space 2010, This in turn causcs a remapping of the temperature map. Once a new
teraperature map is geuerated, 4 new wall temperature 1s obtained from the new
teraperature map which is then used to calenlate a new or estimated waveguide
temperature again using Eg. (1), I 18 understood that Eq. (2) may be used instead of Eq.

{1} to update the waveguide temperature.

[0G115] The wavegnide temperature 1s continually updated, and new temperature
maps are generated, if a difference between an estimated waveguide temperature and an
mitial waveguide terperature, calculated immediately before the estimated waveguide
ternperature, is greater than a predetermined temperature difference e, a temperature
differential threshold. I the difference between the estimated waveguide temperature
and the initial waveguide temperature s less than or equal to the temperature differential
threshold, the temperature of a boundary portion and the teraperature of its associated

waveguide have converged and the process stops.

[0G116] Refernng to Fig. 23, a flowchart 2090 18 shown which tllustrates a method
for determining a waveguide temperature in accordance with embodiments of the
mvention. At the beginning of the method, an assumed initial waveguide teraperature
2105 for each waveguide is initially used. In an embodiment, the initial waveguide
ternperature 2105 18 set to room teraperature, although # is understood that other
teraperatures may be used. At Step 2100, the total time of flight is the sum of the amount
of time for the acoustic signal to travel through a waveguide 2030A-2030H and the
amount of time for the acoustic signal to travel throogh the measurement space 20180,
The waveguide travel time is subtracted from the total time of flight to provide a travel
time through the measurement space 2010 at Step 2110, At Step 2120, a temperature
map is calculated based on the travel time through the measurement space 2010, Next, a
wall teraperature 18 extracted from the temperature roap at Step 2130, At Step 2140, an
estimated waveguide temperature of each waveguide 2030A-2030H s calculated based

on Eq. (3%
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(.75 x estimated wall value{matching boundary portion) + 30 K {33

[00117] wherein “tr 17 corresponds to a transducer 2040 A-2040H number
associated with 4 boundary portion 2070A-2070H, “estWaveGuide(tr 1Y’ 18 an estimnated
teraperature for a waveguide 2030 A-2030H corresponding to the transducer number
“tr 17 and “K” s the Kelvin temperature scale although it is understood that other
temperatures scales may be used. The

“estimated wall value{matching boundary portion)” is an estimated teraperature for the

boundary portion 2070A-2070H assoctated with the transducer.

(00115 At Step 2150, 1f the difference between the estimated waveguide
temperature of cach waveguide 2030A-2030H, (.e. "estWaveGude{tr 1)) from Eq. {3)
and an assumed initial waveguide temperature, or an mitial waveguide temperature equal
to a previously calculated estimated wavegnide temperature, is greater than a
temperature differential threshold, the inttial wavegnide temperature is set equal to the
estimated wavegumde temperature of cach waveguide 2030A-2030H
("estWaveGuide{tr 1Y) at Step 2155, Thus, the initial waveguide temperature and the
estirnated waveguide termperature of cach waveguide ocour at different times during the
method. The method then retams to Step 2110 and Steps 2120, 2130 and 2148 are
repeated to perform another tteration of the method and obtain @ now estimated
waveguide termperatore of cach waveguide 2030 A-2030H (TestWaveGude(ir 417).
F00119] if the conditions in Step 2150 are not met, 1e. the difference between the
estimated wavegnide temperature, 1.e. Eq. (3} and an initial waveguide temperature s
fess than or cqual to the termperature differential threshold, the temperature of a boundary
portion 2070A-2070H of the wall 2050 and the temperature of its associated waveguide

2030A-2030H have converged and the process stops. This also indicates that the wall
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temperature and waveguide teraperatures ave relatively copstant. In an ernbodivaent, the
terperature differential threshold 13 approximately 5 °C. Aspects of the method may be
implemented as an algorith or computer prograrn for use 1o the previously described

tomographic mapping module 1315, computer system or other coraputing device.

(001201 Referring to Fig. 24, a chart 2160 s shown depicting an exemplary
waveguide temperature plot 2170 for cach waveguide 2030A-2030F. Each temperature
plot 2170 1s obtaimed during fteration of the roethod., From the chart 2160, it can be seen
that cach waveguide temperature begins to converge (i.c. the difference between the
estimated wavegude temperature and an initial wavegmde temperature as previously
described becomes increasingly smaller) as the mumber of iterations of the method
merease thereby improving the accuracy of the indicated waveguide temperature. In this
exaraple, the waveguide temperatures converge in region 2180 of the chart 2168 after
approximately 30 iterations thereby indicating accurate temperatures.  Inan
embodiment, a fast mapping algorithny may be used that iterates multiple times per
measurement to allow convergence of the waveguide temperatures without substantially
affecting real time capabilitics of the overall systerm 29, This enables faster convergence
of the waveguide temperatures in the cvent there is a large difference between the initial
and estimated waveguide terperatures and faster generation of an approximate
temperature map. Once the differential waveguide teraperature reduces to a selected

threshold the teraperature map roay be solved more accurately,

(001211 Figs. 25-30 depict g sequence of exemplary temperature maps 21980, 2200,
2210, 2220, 2220 and 2240, respectively, that dlustrate temperature convergence for a
wavegiide as the number of iterations increase. Temperature maps 2190-2240 include
teraperature regrons 2250, 2260, 2270, 2280 whose arrangeraent and indicated
temperature changes as the number of iterations increase, thus changing temperature
distribution of the associated temperature map. An initial teraperature map 2190 18
shown in Fig. 25 wherein waveguide temperatures of 33, 38, 36, 30, 30, 31 °C are

mitially estivaated for waveguides 2030A-2030F, respectively. Figs. 26-29 illustrate
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terations of the method wherein the waveguide temperatures are updated and the
ternperature maps change accordingly in each figure. Fig. 30 depicts a final temperature
map 2244 wherein the difference between an estimated waveguide teraperature and an
initial waveguide temperature is less than or equal to a temperature differential threshold,
r¢. the teraperatures converge as proviously described.  In Figs. 25-30, additional

terations {up to 45} were performed in order to show stable algorithm convergence.

(00122 Estimnation of boundary and waveguide conditions is repeated only if there
are significant changes so as to limit computational cost and tmpact on the overall system
29, That is, once the boundary and waveguide condition converge, the algorithm keeps
track of the changing boundary conditions to maintain accuracy of the total map. In
practice, & complete temperature map s calenlated once the boundary condition and
waveguide temperature converge. In an embodiment, a learned history of a relationship
between waveguide temperature and a teraperature map may be used to enhance the
gstimation of waveguide temperatures. For example, a record or data of the relationship
between waveguide temperature and a temperature map from a similar gas turbine or
experiracnial engine having similar tevoperature characteristics way be used to eohance
estimation of waveguide temperatures. In addition, an estimated waveguide terperature
obtained from a previous temperature mapping solution may be used in order to ncrease
the speed of convergence of the waveguide temperatures. Further, constraints on possible
mapping solutions such as limiting tomperature ranges such as a termperature range for
the waveguide or other temperature ranges, allowing ounly a lingar combination of basis

maps and others may be used to mcrcase accuracy and speed of temperature mapping.

(00123} The current invention provides a method for automatically determining
boundary and waveguide conditions and exiends mappiug to use the boundary and
waveguide conditions. In particular, waveguide and boundary temperatures are
teratively caleulated in real time without need for therr actual measurement (1.c. without
the need to measure temperature by using a temperature sensing device or probe) in order

to obtain a true temperature map. The current invention reduces the need for
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mstrumenting waveguides and walls and other areas to obtain boundary conditions.
Further, the current invention increases the accuracy of temperature, velocity and mass

fow measurement of hot gas flows.

1001241 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 mvention s not fovited 1o its apphcation to the exemplary embodiment details of
construction and the arrangement of components set forth in the description or illustrated
in the drawings. However, the various aspects of the present invention described rore
fully herein may be applied to other instances where a profile map of values m a region 18
deterrnined based on average values along linear paths through the region. The invention
is capable of other embodiments and of being practiced or of being carvied out in various
ways., While acoustic and laser sensors are discussed, other measurement techniques raay
be used. Also, it is to be understood that the phraseology and terminology used herein is
for the purpose of description and should not be regarded as miting. The use of
“jocluding,” “comprising,” or “having” and vanations thercot herein s rocant to
encompass the items listed thercafier and equivalents thercof as well as additional ems.
Unless specified or limited otherwise, the terms “mounted,” “connected,” “supported,”
and “coupled” and variations thereot are used broadly and encompass direct and indirect
mountings, connections, supports, and couplings. Further, “connected” and “coupled”

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

What is claimed is:

1. A method for determining a waveguide temperature for at least one waveguide
used in conjunction with a transceiver that generates an acoustic signal that travels
through a measurement space in a hot gas flow path defined by a wall, comprising:

calculating a total time of flight for the acoustic signal wherein the total time of
flight includes a travel time through the measurement space and a travel time through the
waveguide;

subtracting the waveguide travel time from the total time of flight to obtain a
measurement space travel time;

calculating a temperature map based on the measurement space travel time;

obtaining an estimated wall temperature from the temperature map; and

calculating an estimated waveguide temperature based on the estimated wall
temperature wherein the estimated waveguide temperature is determined without the use

of a temperature sensing device.

2. The method according to claim 1, wherein the wall is divided into a plurality
of boundary portions each having an associated transceiver and adjacent waveguide
wherein a temperature of each boundary portion is used to calculate a corresponding

estimated waveguide temperature.

3. The method according to claim 2, wherein the estimated waveguide

temperature is linearly related to the estimated wall temperature.
4. The method according to claim 1, wherein the method is performed iteratively

thereby providing iterative estimation of waveguide temperatures based on estimated

temperature maps.
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5. The method according to claim 4, wherein a fast mapping algorithm is used
that iterates multiple times per measurement to enable waveguide temperature

convergence without substantially affecting real time capabilities of an associated system.

6. The method according to claim 1, wherein the temperature differential

threshold is approximately 5 °C.

7. A method for determining a waveguide temperature in a gas turbine,
comprising the steps of:

(a) providing at least one transceiver that generates an acoustic signal that travels
through a measurement space in a hot gas flow path defined by a wall in the gas turbine,
wherein the at least one transceiver includes a waveguide;

(b) calculating a total time of flight for the acoustic signal wherein the total time
of flight includes a travel time through the measurement space and a travel time through
the waveguide;

(c) subtracting the waveguide travel time from the total time of flight to obtain a
measurement space travel time;

(d) calculating a temperature map based on the measurement space travel time;

(¢) obtaining an estimated wall temperature from the temperature map;

(f) calculating an estimated waveguide temperature based on the estimated wall
temperature wherein when a difference between the estimated waveguide temperature
and an initial waveguide temperature is greater than a temperature differential threshold,
steps (¢) -(e) are repeated wherein a converged waveguide temperature is determined
when a difference between the estimated waveguide temperature and an initial waveguide
temperature is less than or equal to the temperature differential threshold and wherein the
estimated waveguide temperature is determined without the use of a temperature sensing
device;

(g) utilizing a learned history of g relationship between waveguide temperature

and a temperature map to enhance estimation of waveguide temperatures.
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8. The method according to claim 7, wherein the wall is divided into a plurality
of boundary portions each having an associated transceiver and adjacent waveguide
wherein a temperature of each boundary portion is used to calculate a corresponding

estimated waveguide temperature.

9. The method according to claim 8, wherein the estimated waveguide

temperature is linearly related to the estimated wall temperature.

10. The method according to claim 7, wherein the method is performed
iteratively thereby providing iterative estimation of waveguide temperatures based on

estimated temperature maps.

11. The method according to claim 10, wherein the a fast mapping algorithm is
used that iterates multiple times per measurement to enable waveguide temperature

convergence without substantially affecting real time capabilities of an associated system.

12. The method according to claim 7, wherein the temperature differential

threshold is approximately 5 °C.

13. A method for determining a waveguide temperature for at least one
waveguide used in conjunction with a transceiver that generates an acoustic signal that
travels through a measurement space in a hot gas flow path defined by a wall,
comprising:

(a) dividing the wall divided into a plurality of boundary portions wherein a
transceiver and waveguide is associated with each boundary portion;

(b) calculating a total time of flight for the acoustic signal wherein the total time
of flight includes a travel time through the measurement space and a travel time through
the waveguide;

(c) subtracting the waveguide travel time from the total time of flight to obtain a

measurement space travel time;
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(d) calculating a temperature map based on the measurement space travel time;

(e) obtaining from the temperature map an estimated temperature for each
boundary portion; and

(f) calculating an estimated waveguide temperature for each boundary portion
wherein the estimated waveguide temperature is determined without the use of a

temperature sensing device.

14. The method according to claim 13, wherein the estimated waveguide

temperature is linearly related to the estimated wall temperature.

15. The method according to claim 13, wherein the method is performed
iteratively thereby providing iterative estimation of waveguide temperatures based on

estimated temperature maps.

16. The method according to claim 15, wherein a fast mapping algorithm is used
that iterates multiple times per measurement to enable waveguide temperature

convergence without substantially affecting real time capabilities of an associated system.

17. The method according to claim 13, wherein the temperature differential

threshold is approximately 5 °C.

18. The method according to claim 13, wherein the estimated waveguide
temperature is obtained by a convergence of waveguide temperatures and an estimated
waveguide temperature obtained from a previous temperature mapping solution is used to

increase a speed of convergence of the waveguide temperatures.

19. The method according to claim 18, wherein convergence occurs after

approximately 30 iterations.

-46-



WO 2015/164313 PCT/US2015/026784

1 20. The method according to claim 13, further including a constraint that limits a

2 temperature range for the waveguide.
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